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Section 1

- INTRODUCTION

1.1 BACKGROUND

The load-bearing capacity of most alloys can be degraded by a
corrosive anvironmeat. Two common forms of environment-aenaitive
mechanical property degradation are stress corrosion cracking (SCC)
and corrnsion fatigue (CF). Both forms greatly influence the aafety,
reliability, and economics of many components used in military and
commercial power generation, transportation, snd energy conversion
systems. Therefore, substantial effort haa been made to understand
environment-assisted crack growth, to identify and develop materials
that have better environment resistance, and to formulata predictive
models. 1713

These efforta have resulted in various quantitative models being

. propoaed for predicting SCC, CF, or other types of environment-assisted
crack growth. Wei and landel,lo for examp'e, conaldered the crack growth
rate in a CF afituation to consist of the sum of the crack growth rate in
an inert environment and the rate in the environment of interest. The
Wei and Landea theory has been ahown to explain adequately many features
of the CF behavior of Ti and Ti-6A1-4V in NaCl solutions.ll Furthermora,
thia vork emphasized the need for a better understanding of the processes
that occur at the crack tip, particularly at threshold load levels for
crack growth and at low losding frequencies (< 1 Hz).

7

For SCC alone, logan’ propoased a model for cracking in aqueous

environments based on a slip-dissolution mechanism at the crack tip.

This mechaniam, now widely accepted,5'7

relates crack growth to the
enhanced anodic diaaolution current st the crack tip resulting from the
intermittent mechanicsl rupture of an environmentally created film at the

crack tip.
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Logan's model has bean modified to include a variety of rate-
controlling processes that include repassivaton rate, microcraep,
solution ranewal, snd critical charge conceptss8 If the procasses
occurring within the crack were better understood, it would be possible
to daterwine the sppropriate slip-dissolution model for any given

material, environment, and locad application.

Quantitative modaling of the cracking process is difficult becausa
it involves complex intersctions between the cracking material, the
environment, and the applied load. Because specimen microstructure,
surface chemistry, electrochemistry, and losding conditions are expected
to influence cracking behavior, they should be accounted for in attempts
to model crack growth. Clearly, simultaneoua characterization of the
mechanical and electrochemical state at the crack tip is required for

development of a reliable, predictive crack growth model.

The mechanical state at the crack tip ia usually described in these
| models using classical fracture mechanics parameters such as the linear

elastic stress intensity (K paraneter)16'17

or, more recently, tha
elastic-plastic stress intensity (J para—‘ter).m'l9 Unfortunately, the
alectrochemical state of the crack tip is not so easily character-

ized because, until recently, no reliabla experimental method existed
that could either provide measurements directly within the crack or
convert measurements made external to the crack into crack tip
parameters. Some attempts have heen made to measure the local
chemistries that develop at crack tips by using alcroanalyticsl chemical
techniques on specimens that are actually cracking or on artifical
crevices that had been constructed to simulate stress corrosion cracks.
Howevar, most of the past crack growth models have used electrochemical
data obtained on bulk specimens and have assumed that such data, for
exaaple, the free corrosion potential, are representative of values
inside the crack, or these bulk values were extrapolated to crazk tip
values by means of some postulated model. However, crack growth rstes
predicted by such models can be several orders of magnituda different

] from those sctually obaerved.zo'zl
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One possible method for evaluating the electrochemical state of
material near a crack tip is the AC impedance technique. This technique,
under development for the past several yeara,22'26 has only recently been
applied to the problem of environmentally assisted cracking. This
approach shows promise for determining crack tip electrochemical
parameters by applying the transmission line model to deconvolve the

measured AC impedance spectra of growing crscks.

l.2 PROGRAM OBJECTIVES

The above background discussion highlights the need to characterize
simul tanecusly the electrochemical and mechsnical states in s growing
stress corrosion or corrosion fatigue crack. Thus, the objective of this
research program wss to generate electrochemicsl snd mechanical data for
actively growing corrosion fstigue cracks and then use these dats to

develop a preliminary predictive model for SCC and CF.

To accomplish these objectives we used standard frscture mechanics
methods snd analyses to characterize the mechanical state of the crack in
Ti-6A1-4V and HY-80 steel in 3.5X NaCl solution and the AC {mpedance
technique to characterize the electrocheamical state. The electrochemical
snd mechinical data were used to calibrate s transmission line model, and
this model wss then used to predict quantitatively the electrochemical

and mechanical state-at the tip of an actively growing crack.

This report describes the results of our efforts to meet these
objectives. Section 2 descrites the development of the transamission lipe
model. Section 3 reviews the electrochemical snd mechanical experimental
techniques employed in this program and the results obtsined. In Section
4 the transmission line model is presented along with the experimental
dats used to develop a predictive model for crsck growth. Section 5

outlines the conclusions and recocmendations for additional work.
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Section 2

DEVELOPMENT OF THE DISCRETE TRANSMISSION LINE MODEL

In the diacrete transmigsion line model the stress corrosion or
corrosion-fatigue crack 18 treated as a cracked electrode. The solid and
electrolyte phases in the cracked electrode are represented by resistance
elemencs parallel to the direction of the corresion current flux, and the
interfacial resistance is represented by an impedance distributed between
the other two resistancea. The electrode may be treated as "one-
dimensional® if the potential (E), current flux (I), and reactant
concentrations (c) vary only with the depth within the crack and not with
the lateral position along the crack. In thia case, the local values of
E, I, and ¢ may be replaced by their average values in a line

perpendicular to the crack plane.

Ksenzheck and Stender27 discussed the conditions that are applicable
to transforming a three-dimenaional problem into a one-dimensional one.
The mathematical model for the electrical representation shown in Figure

1 requires solutions to a set of differential equationa of the following

form:
a?1 d1 (¢ + eI e 1
8 __, d 1n(2) a _ s e' 8 _ _ e (1)
dx dx Z Z
dx
d21 dl (r +r )1 r I
e ,d In(Z) e ) e’ e ___8 (2)
2 dx dx Z 2
dx
2 {(r +r)
d"AE - 5 AE = 0 1)
2 Z
dx
5
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where aubacripts e and s refer to the electrolyte and solid phases, Z is
the interfacial impedance, x is distance into the crack, r ia the
resistance, I = I  + I,, and AE = Ea = Ee'

For the simplest set of boundary conditiona shown In Tigure 1,
correaponding to an electrolyte-filled right cylindrical crack in which

r; and r, are independent of x and the solid and electrolyte phaae

current contacts are diametrically opposed, the transmission line

impedance Z,, is given by 28

br r + (r 2 + r 2) (eYl + edrl) r rl
s e 8 e

85 e
e (fs T fe) (eYl - e-Yl) s e

where 1 is the current crack length, and

1/2 (5)

Y = [(c, +r.)/2]
The interfacial impedance, Z;, in equation (5) is equivalent to that at a
plane-parallel electrode. That fs3, it contains the information that
would be available if it were possible to determine the electrachemical
kinetic properties of each Infinitesimal element, dx, of the electrode

thickness in the x direction.

The conventional22-24 equivalent circuit for Z; is shown in Figure 2.
The components of this circuit contain the electrochemical kinetic
parsmeters that are importancr in evaluating the behavior of a cracked

electrode. Brief descriptions of these parameters follcw.

Double-Layer Capacitance, C. The double-layer capacitance, C, is

directly proportional to the area of the electrolyte/solid phase
interface. 7Thus, given a knowledge of the double-layer capacitance per
unit area, C', under the prevailing conditions of reactant concentra-

tion, temperature, and potential, one can determine C by deconvolving

the measured transmission line impedance. This vaiue of C can then be
28

used to estimate the totsi wetted ares per unit electrode thickness,
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Reaction Warburg

Resistance, Rr \ Y, Impedance, ZW
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FIGURE 2 INTERFACIAL IMPEDANCE ELEMENT;
RANDLES' EQUIVALENT CIRCUIT
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which we define as A'. Values of C' may be available from the
literature or can be measured directly for a plane-parallel electrode of

. known area.

Warburg Coefficlent, 0. At moderate frequencies (2 1 k. ,, the

’ Warburg {mpedance, Z,,, can be expressed aa 22,24,29
z, = o(l - ulf? -
where
G = RT o

“alrlean(myl7?

in which ¢ 1is the reactant concentration and A" expresses the electrode
electrolyte area rer unit length that 1s actively engaged in reaction.
The other parameters in equation (7) have their usual meanings. The
relationship between A' and A" can be used to define an area z2fficiency
that accounta for the presence of passive zones, which do not contribute
to the cell current <uring crack growth.

Diffugsion layer Thickness, 6. At the limit of low frequency, an
29-32

apparent realstive ahunt to the Warburg impedance is ohbaerved.
This resistance defines the steady-state DC opersting behavior, and its
value may be used in conjunction with o to calculate the effective
diffusion lsyer thickness, 6. In the derivation of equation {6), semi-
infinite linear diffusion was assumed. However, in the wide reglons
near the crack mouth, natural convection will limit the thickness of the
diffuaion layer, whereaa in the narrower regions near the crack tip, the
dimension of the diffusion layer ia proportional to the crack opening.
Thus, we can account for the steady-atate DC behavior22:30-35 44 the
model of the cracked electrode by introducing the Nernst diffusion layer

thicknesa as a boundary condition.

Interfacisl Reaction Resistance, R . The reaction resistance

together with A" and & can be used to obtain information regarding the

9
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14,29, 36

electrode kinetics within the crscked electrode. The exchsnge

current density, i,, can be determined from the relstionship
R, = RT/nFA'{, (8)

When used in conjunction with the Stern—-Geary relationship,37 R,

provides a measure of the instantanecus corrosion rate within the crack.

Electrolyte Resistsnce, r,o The electrolyte resistance per unit

length in the cracked electrode, Tay 8lves a measure of the amount,
composition, and distribution of electrolyte in the crack. The
electrolyte resistance is controlled primarily by the crack width and to
a smaller extent by the diffusion of reactsnt species from the bulk

electrolyte and the diffusion of reaction products from the crack tip.

Solid Electrode Resistance, r . The solid phase resistance per

unit length in the cracked electrode, r

g» provides a measure of the
resistive component in the cracked electrode. Reduction of the
impedance data to obtain the parameters of interest for cracked
electrodes involves applying nonlinear regression analysis to sn
impedance model or equivalent circuit. Broers and coworkers>8-40
demonstrated the appiicability of the transmission line model for
characterizing porous electrodes in molten carbonate fuel cells, and we

believe that these methods can be applied to a growing SC or CF crack.

An additional impedance element, 2 has been included in Figure 1

tip?
to account for the special electrochemicaf characteristics of the crack
tip. Por example, if the crack grows by a mechanism of film rupture and
anodic dissolution at the crack tip, then ztip can be represented as s
special case of the equivalent clrcuit in Pigure 2, with R, determined by
the exchange current density for matal disaolution (possibly involving
terms for preciplitation of oxide and repasaivation). Under the
conditions of a cyclic mechanical load, the area term A' i{n equation (8)
must also be given as a periodic function about a mean value, A;. In

the simpleat case, A' would be a linear function of the mechanical load

or crack-opening displacement. Thus,
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A, =A%  sinut + ¢) (9)

tip tip

where w 18 the frequency of the loud variation, and ¢ is the phase delay

between losd vsriation and film rupture.

Equstion {9) suggests a second method of evaluating the
electrochenistry of the crack tip environment, using the transmission
line mwodel. Under a steady electrical blas (a small DC voltage more
positive than the free corrosion potential), a DC current can be made to
flow from the specimen to a suitable counterelectrode. This current

originates with the anodic dissolution at the crack tip and 1s given by
I(wt) = n/R (10)

where n = Vapplied ~ Vfree corrosion®

Substicuting equation (9) into equation (8) and then substituting
the resulting expression for R, into equation (10) yields

)
+
nnFAtip sin(wt ¢)1°

I{(wt) = RT

(10a)

This expression for I(wt) describes the crack tip current expected for

cyclic load conditions.

This can be viewed as a sinusoidal current source originating at
the crack tip. The current source is situated where the interfacial

reaction resistance (Rr in Figure 2) is placed in ztip in Figure 1.

Alternatively, we csn define an electrochemical/mechanical

impedance,

Zog = 2/1 (1)

which may be exsamined as a function of the frequency (and amplitude) of

the mechanical load variation.
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The advantage of an electrochemical/mechanical impedance study 1is
that the perturbation is applied exactly at the point of interest (the
crack tip). In the alternative method, a variable frequency electrical
potential variation is applied to the mouth of a crack in a specimen
cycled with a constant frequency mechanical load; however, this results
in a perturbation that decreases in amplitude at the crack tip as the

crack increases in length.
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Section 3

. EXPERIMENTAL METHODS AND RESULTS

3.1 TEST MATERIALS AND ENVIRONMENT

Two test materials were used in this program: a titanium alloy (Ti-
6A1-4V) and a medium-strength low-alloy steel (HY 80). These materials
were selected because of their possible appolication in submarine hull
structures and for the range of eler~rochemical and corrosion-fatigue
behavior these materials cover. The chemiestry and mechanical properties
of the Ti-6A1-4V and HY B0 are given in Tables 1 and 2, and the
micrestructures are shown in Figure 3. Note that the HY 80 has a
bainitic microstructure typical of a quench and temper heat treatment,
whereas the Ti-6A1-4V exhibits an alpha-beta structure typical of the
mill-produced hot-rolled and annealed condition.

The test environment selected for this program waas the standard
) 3.5% NaCl solution. This environment was created by dissolving the
appropriate amount of reagent grade NaCl in deionized water. This
solution was aerated and continuously refreshed into the test chamber at

a rate of about 1 liter/hr.

3.2 ELECTROCHEMICAL/MECHANICAL EXPERIMENTS

To generate the electrochemical/mechanical data needed for the |
transmission line mcdel, we performed three types of AC impedance-based
experiments in this program: (1) planar (uncracked) electrode I
experiments to characterize the bulk electrochemical properties of the
materials without any mechanical loading, (2) cracked electrode
experiments to characterize the voltage/current response during active
loading of a crack, and (3) cracked electrode electromechanical
impedance experiments to characterize the voltage displacement response

during active loading of a crack.
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Table 1

PROPERTIES OF HY80 STEEL

(5.08-cu-thick plate, Mi1-5-16216H, ASTM Grain Size 8)

Elemental Analysis

Mechanical Properties?®

Element Wty Heat Treatment Parameter Value
C 0.17 Austentized at oys 87.8 ksi
Mn 0.34 1010°C for 120 g ts 106 ksi
P 0.010 minutes and water ZE 23.7%

S 0.10 quenched; ZRA 66.7%
Si 0.23 Temperzd at CWN 95 ft-1b
cr 1.56 682°C for 120 at -120°F
Ni 2.88 minutes and air
Mo 0.24 cooled.
Cu 0.17
™ 0.001
v 0.001
8pefinitions:

oys = 0.2 offset yield strength.

g = uyltimate tensile strength.

uts
XE = percent total tensile elongation to failure.

X RA = reduction in area of necked region at fracture.

CVN = charpy V-notch impact energy; CVN wag determined

under the following conditiona: Type A, noteh V, full size,

longitudinal orientations.
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Table 2

PROPERTIES OF Ti~6A1-4V
(AMS 4911, 40.6-cm—thick plate)

Elemental Analysis Mechanical Properties®
Element wt? Heat Treatment Parameter Value
C 0.03 Hot rolled and ag 131 ksi
ys
annealed
Al 6425 Tuts 143 ksi
Fe 0.07 ZE 12.1‘
e
[}
¢ v 3.95 IRA 26.3
"
X 0y 0.162
; N, 0.015
Hz 0.002
8pefinitions:
ays = 0,2% offset yleld strength.
O,tg = ultimate tensile strangth.

ZE = percent total tensile elongation to failure.
ZRA = present reduction in area of necked region at fracture.

CVN = charpy V-notch impact energy.

:
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The methods used and the results obtained for each of these three
experiments are discussed in the following subsections. However, before
g discussing these experiments, it is important first to review some of
the advantages and limitations encountered when applying these

electrochemical techniques.

To calculate accurately the many electrochemical parameters that
can be obtained from AC measurements, it is necessary to obtain high-
precision impedance measurements over a wide range of frequencies,
particularly at very low frequencies. The unavailability of adequate
instrumentation has been the principal limitation to the
characterization of cracked or porous systems by AC techniques and is
largely responsible for the only modest success of Broers and
covorkers. 3840 More recently, Mund et al.’l analyzed the performance
of hydrogen electrodes in alkaline fuel cells systems from AC impedance
measurenents applied to a transmission line model.

The current work of Hills and couorkersbz'&b

provides good
verification for the application of the transmiasion line model and the
extension of equilibrium AC measurements for predicting the steady-state
electrochemical parameters. In one set of experiments, the interfacial
impedance components were calculated from the measured impedance of a
packed bed of graphite spheres using the transmission line model, and
the results were compared with the interfacial impedance measured

directly for a single sphere.

Figure 4 shows the impedance data obtained for a packed-bed elec-
trode superimposed on the least—squares best fit of data to equation (4).
The tabulated values of the double-layer capacitance, Warburg coef-
ficient, and exchange current density for the packed bed were calculated
from this regression fit. These values were compared with the
interfacial impedance parameters measured directly for a single graphite
sphere isolated from the bed. The substantial agreement between the two
sets of calculated impedance parameters is strong verification for the
applicabilicy of thc transmission line model to characterizing porous or

cracked electrodes.
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This previous research clearly shows that many important operating
parameters of porous and cracked electrodes are contained within the
meagured Impedance dispersion. However, two factors are fundamental in
the application of this method to the in sity determination of electrode
characteristics. First, impedance measurements must be of sufficient

precision (better than 0.1¥ for each impedance component),22

and gecond,
the measurements must be made over a frejuency range wide enough (lvi)_3
to 104 Hz) to adequately resolve the impedance spectrum and to allow

subsequent deconvolution to obtain the electrochemical parameters.

The requirements for a high~speed, high-precision, impedance
measurement system capable of operating at very low frequencies have
been presented in detail by Macdonald and McKubre.22 1In general, these
requirements are In conflict. Maximum acquisition speed is available
from noise or transform methods, but thesz methods are not very
preclse.22 High precision is best achieved with a frequency-by-
frequency measuremert technique such as phase-gensitive deteciion, but
the measurements are time consuming. Fortunately, this is not a serious
hindrance when such equipment is automated and the experiments are
computer~controlled. We used such automated, computer-controlled

equipment in the experiments described in the following subsections.

3.2.1 Planar Electrode Experiments

Experimenta were performed on planar uncracked elec:irodea of HYBO
and Ti-6A1-4V exposed to aerated 3.5 wtX NaCl to obtain the
electrochemical parameters needed for developing the DC, crack
propagation model and to aid in interpretating the resulta of
electromechanical impedance testing. The experimental setup for these
teats 1a shown in Figure 5. Specimens were mounted with one planar
surface exposed to the electrolyte.

Figure 6 presents the Tafel plot obtained for Ti-6Al1-4V at very low
sweep rates; the aweep wus initiated at the cathodic limit of -500 mV
versua che saturated calomel electrode (SCE). The apparently well-
behaved Tafel law behavior evidenced by the region of linear
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FIGURES5 EXPERIMENTAL CONFIGURATION FOR AC AND DC (EST
ON PLANE PARALLEL ELECTRODES
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relationship between voltage and the logarithm of current auggests
charge-transfer kinetic rate control in both the anodiec and cathodic

regions.

The AC impedance behavior of this electrode, however, strongly
indicates that the reaction kinetics of the Ti-6A1-4V electrode surface
is dominated by the presence of a semiconducting oxide film such as
Ti0p« Evidence of the dominance of semiconductor-electrochemical
effects can be seen in the Mott-Schottky plot presented as Figure 7.
The reciprocal of the measured capacitance squared is plotted versus
potential at 25-mV steps from -200 to -1200 mV versus SCE. Regions of
linearity in such a plot indicate the presence of a space-charge
layer45'46 {band bending within the oxide film). The type of frequency
digspersion ahown in Figure 7 (that 1s, the lines at each frequency do
net superimpose) is unusual and wmay be due to impedance effects within
the electrolyte phase (the electrical double layer) or to heterogeneity
within the oxide itself. The extrapolated Intercept of this family of
lines with the axis at C+ @ (1/C2 + 0) indicates the position of
minimum band bending (the "flat—band” potential), which 13 a
characteristic of each semiconducting oxide.43+46 Thig intercept
of ~ 1i00 mV SCE is wirhin 100 mV of that expected for pure Ti0p. This
100 mV offset i{s a result of the defect structure and doping of the Ti-
6A1-4V film that forms in the chloride environment.

The HYB0 specimena showed a more conventional bulk electrochemical
response than the Ti-6A1-4V. The HY80 specimen did not show Mott-
Schottky behavior, which 18 not surprising becauvae the corrosion film
that develops 1is poroua and without uniform composition through its
thicknesa; that ia, the donor density variea through the film

47 reaponse of

thickness. Figure 8 shows the impedance locus or Nyquist
a plane parallel electrode of HYB0 exposed to aerated 3.5 wtX HaCl, at
the free corrosion potentiai. The depressed aemicircular form 1is that
expected for a metal electrode actively corroding under mixed
kinetic/mass transport control. Figure 9 presents data collected at the

same electrode, covering a range of potentials more cathodie than the
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FIGURE 7 MOTT-SCHOTTKY PLOT FOR A PLANE PARALLEL ELECTRODE

OF Ti-6A1-4V EXPOSED TO 3.5 wt% NaCl AT 25°C
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ELECTROOE OF HYBO EXPOSED TO 3.5 wt% NaCl AT 25°C,
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free corrosion potentfal of HYB0 (~ =600 uV versus SCE in aerated 3.5
wt% NaCl)., These data are plotted as the reduced admittance, B, versus

the square root of the angular frequency, wllz,

B = —X/[(R - Rg)2 + X2 (12)

1/2

where = (an)llz, X {8 the imaginsry couponent of the impedance,
R is the real component of the impedance, Rs i8 the uncompensated serles
electrolyte resistance, and f {8 the frequency of the impedance

measurement in Hz,.

The family of straight linea in Figure 9 indicates thst, at
potentials more negative than (cathodic to) the free corrosion
potential, the impedance of an HYBO surface is dominated by diffusional
effects within the elr:u:t:tolyl:e.['7P At potentiala higher than -700 mV,

1/2 dependence occurs, as

however, deviation from a linear B versus @
shown by the data at =550, =450, and =400 mV, plotted in Figure 10.
These data are replotted in Figure 1l versus w. The straight lines
shown are regreasion fits to the data points; this linearity indicates
that the imaginary part of the admittance is dominated by a capacitance
of approximately 20 uF e 2,47 The slope of dB/dw 1is equal to the
double-layer capacitance and can be seen in this potential range because
of the absence of diffusiornal control effects.

At -300 mV versua SCE, the electrode admittance increasea greatly

1/2, as shown in Figure 10. Thia

snd again displays linesrity versua w
is the tranapaasive region for HYB0, and the electrode impedance becomes
dominated by the maaa transport of corrosion producta from the electrode

surface.

In summary, the recults of planar electrode experiments on bulk
Ti-6A1-4V and HYOO specimens ahowed that, over an extended potential
range, the Ti-6A1-4V specimen behsved ss 1f it were covered by a dense

semiconducting oxide layer. 1t exhibited the characteristic linear 1/C2

26




300 | 1 [ I =T

250 -

200 |-

IMAGINARY COMPONENT, B (ms)

150 - =
100 a
50 =]
0 1
0 100 200 300
SQUARE-ROOT ANGULAR FREQUENCY (rad/s)
JA-4333-16

FIGURE 10 REDUCED ADMITTANCE VERSUS w'? FOR A PLANE PARALLEL
ELECTRODE OF HY80 EXPOSED TO 3.5 wi% NaCl AT 25°C,
ANODIC POTENTIAL RANGE
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28

::.P‘f"r‘ DS NI NEX ;‘.-: .-“-“' g -‘".p"'.: e ;:-::q:-:‘.:r: :’ k‘f:’?‘”:-":' PN ’h"-‘.l- \-".'-‘ LTy " NN """-\. -:-e‘-g"
» - . - " - ) 'I
M .s'\“-u"és N AN N S T T YT A \"M"‘t_"ﬁ s u-&- '»i'-\dr;": ‘”ih o,



oy C. o e T LT W N TR T W T Ty -ry e Lo At R o bod loa doa Lo gla ALe fhe hid Bl oo Sl i a dia de e Bl BE i bl e Al by

versus voltage behavior. On the other hand, the dependence of the

impedance response on voltage for HY80 was more complex although more
g typlical of a corroding electrode. At potentials less than and equal to
the free corrosion potential, the electrode impedance response was
dominated by diffusion, presumably of reactant (dissolved 0;) to the
electrode. At potentials up to 200 mV more positive than the free
corrosion potential, in the potential range where a pseudo-passive film
is expected to form, the Iimpedance appears to be dominated by an
essentially voltage-independent capacitance, almost certainly due to the
electrical double layer in the electrolyte. At srill more poritive
potentials, in the transpassive range, the electrode impedance appears
to be dominated by the diffusion of reaction products from the electrode

surface.

3.2.2 Mechanically woaded Cracked Electrode Experiments

We developed an experimental facility designed to obtain data on
crack electrochemistry during CF and SCC of various materials in aqueous
solutions at room temperature and pressure. Figure 12 diagrams the
experiment arranged for impedance measurement of specimens under

: mechanical load conditions. Photographs of the setup are shown in
Figure 13 (electronics), Figure 14 (test chamber), and Figure 15 (test

specimen).

As detailed in Figure 12, impedance measurements were obtained
using a Solartron Model 1250 frequency response analyzer (FRA} operated
under microcomputer control. The Model 1250 is an automated, digitally
demodulated, stepped frequency, impedance meter capable of 0.01%
precision for each impedance component in the frequency range 1074 to

3 6 x 10% He. This tnstrument and the preceding series of frequency
h: response analyzers (Solartron Model 1172 and 1174) have been used

extensively I{n recent years to meaaure impedances in electrochemical

N systems.48-52

i8]

Eg The FRA wasgs operated under the control of an Apple II-Plus micro-
3

! computer equipped with 64 kbyte of internal random access memory (RAM),
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FIGURE 12 SCHEMATIC OF IMPEDANCE MEASUREMENT SYSTEM FOR STRESS CORROSION
CRACK AND CORROSION FATIGUE TESTS
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320 kbyte of external RAM (Axlon "Ramdisk 320"}, and a 20-mbyte rigid
disk (Corvus Model 20 MB/M). The control program was written at SRI in
Basic and 6502 Machine languages and is included as Appendix A.

Some experiments were performed under potenticstatic control, using

a Princeton Applied Research Model 173/276 potentiostat; however, most
of the experiments were performed under pseudo-galvanostatic control.

In the latter mode, a resistance several orders of magnitude larger than
the cell impedance is placed in series with the counter electrode, gnd a
large AC voltage is applied. To a good approximation, the current is
determined by the AC voltage divided by the series resistance,
independent of cell impedance.

For experiments in which the load 1is cycled, the periods of the |
mechanical and electrical cycles must be synchroninzed by integrating '
the impedance data over one complete cycle of the mechanical load.

Thus, the results represent an average cver a full cycle of crack-
opening displacement. If these cycles are not synchronized, the data
may contain a large amount of systematic error and will inevitably show
congiderable scatter. For example, if the impedance measurements are
integrated over a time that is shorter than the mechanical load cycle,
nultiple determinations (at different electrical perturbation
frequencies) may be made during a single mechanical cycle. These
determinations will cover the range from maximum to minimum crack

opening and will appear as scatter In the data set.

Because 1t 1s necessary to Integrate over at least one cycle at the
electrical perturbation, some error will be introduced at low frequen-
cies when the impedance data are integrated over more than one (but not
an integer number of) mechanical cycle. This error is inevitable and

results in aome scatter in our data at very low frequencies (< 0.0l Hz).

An environmental chamber was constructed that attachea to a servo-
hydraulic mechanical testing machine. This chamber and the associated
attachments allow us to circulate aerated or deaerated 3.5% NaCl
solution (or other electrolytea) at controlled temperatures past our

fatigue precracked compact tension specimens. The crack growth can be
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measured by optical methods or by the compliance method, by means of a
water—-immersible LVDT mounted on the specimen. A special composite
reference/counter electrode incorporates a silver/silver chloride
electrode In a 0.25-inch-diameter Lugin probe, positioned about 0.1 inch
from the start of the fatigue precrack. The fatigue precrack is at the
bottom of a 2.00-inch-deep notch (1.50 inches wide by 0.010 inch thick},
and the tip of the 0.25-inch-diameter lugin probe is centered at the
bottom of this notch to minimize "edge effects™ on the electrochemical
measurements. The counter electrode is located in a chamber to which
the Lugin probe 1s attached. This arrangement allows us to polarize
only the area at the lugin probe tip and thus measure the response of

this area.

The cracked electrochemical AC {mpedance measurements were obtained
on Ti-6A1-4V in aerated 3.5% NaCl solutions. These tests were performed
under load control with AK varying from 10-30 ksi Yin. with R values of
0 to 0.2. No experiments of this type were performed on HY-80.

Figures 16 and 17 show impedance data for the growth of a crack in
Ti-6A1-4V. The data designated as "no crack” in Figure 16 show the
impedance response In the range 10_3 < f< 10“ Hz for a specimen
subjected to a 5-Hz cyclic load, but showing no superficial indicution
of having cracked. In the Nyquist domain this data set appears as a
semicircle whose center 13 located above the real axis. The low-
frequenzy intercept on the real axis 1s very close to 2000 Q. The high=-
frequency region 18 sho'm in an amplified form in Figure 16(b). A
second semicircular region is observed with a high-frequency intercept
on the real axis at 52.8 Q. The high-frequency intercept corresponds to
the series resistance due to the electrolyte path between the tip of the

reference electrode and the base of the notch in the specimen.

In the Bode plot [Figure 16(c)], these data exhibit a single
minimum in the phase occurring at approximately 0.15 Hz. The magnitude
information shows two limfting plateaus (corresponding to the intercepts

with the real axis in the Nyquist plot) separated by linear regions of

slope -1/2, -1, and -1/4 with increasing frequency.
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FIGURE 16 IMPEDANCE RESPONSE OF THE Ti-6Al-4V SFECIMEN BEFORE
AND AFTER THE APPEARANCE OF A MACROSCOPIC CRACK
IN AERATED 3.5% NaCl SOLUTION
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FIGURE 16 IMPEDANCE RESPONSE OF THE Ti-6AlI-4V SPECIMEN BEFORE
AND AFTER THE APPEARANCE OF A MACROSCOPIC CRACK
IN AERATED 3.5% NaCl SOLUTION ({Continued)
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FIGURE 16 IMPEDANCE RESPONSE OF THE Ti-6Al-4V SPECIMEN BEFORE
AND AFTER THE APPEARANCE OF A MACROSCOPIC CRACK
IN AERATED 3.5% NaCi SOLUTION (Concluded)
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Examining these linear regions in order of decreasing frequency, we
see that the region at slope -1/4 corresponds to the high-frequency
semicircle in the Nyquist plot, shown in Figure 16(b). This region is
present for unstressed specimens before cyclic loading and appears to be
completely unchanged during the entire growth of the crack. We
speculate that this reglon 1s asgsoclated with diffusion in the plane of
the machined notch and perpendicular to the axis of the reference
electrodes Although the region of slope -1/4 has significant extent in
tha BRnda nlot. the impedances involved are very small and have 1little
significance in a linear (e.g., Nyquist) plot ot thne daiae %o will nat

consider this zone further in this report.

At Iintermediate frequencies, all data sets obtained show a regiom
with a slope of -1. This region corresponds to a g1 dependence and is
the form expected for the equivalent circuit in Figure 2, at
intermediate and high frequencies, when diffusion of metal ions from the
electrode surface are not rate limiting. A region of slope -1 in a Bode
plot corresponds tc a semicircle with 1ts center located on the real
axis in the Nyquist representation. The beginnings of a semicircle of
great magnitude (on the scale shown) can be seen in Figure 16(b); the
parameters of this aemicircle are determined by the interfacial reaction

resistance, R., and the double—-layer capacitance, C (aee Section 2).

Impedance data obtained from unatreased specimens before the

application of a cyclic load display a £l dependence (Bode slope = -1)

down to lim!tingly low frequencies. Only under cyclic loading
condi{tions does a region of slope -1/2 appear, and this region becomes
increasingly significant as a crack grows. Thus, we assoclate the

region of slope -1/2 in a Bode plot with the presence of a crack.

Figures 16(a), (b), and (¢) each show two curves: one labeled
“"crack” and the other labeled "no crack™ on the baals of visual
inspection of the aldes of the compact tension specimen. Because both
show a reglon of f-llz dependence, the curve designated as "no crack™ in
Figurz 16(c) must have at least a veatigial rupture, asaociated with

cyclic loading of the oxide film at the crack tip. The curve labeled
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"crack” was obtained when a crack of about 3 mm was observed at the side

of the speciumen.,

A region of apparent f"l/2 dependence (slope -1/2) for the
impedance within the crack is predicted by equations (4) and (5). The
transmission line impedance, ztl' contains terms in eYl, which can be

expanded as a Taylor series:
el a1yl + ()22t + )33 L L, (13)

For vyl < < 1, the third and subsequent terms in this series can be
neglected., Substituting equation (13) into equatiun {4}, == ohtaln an

expression of the form

Ztl = 3 + b/y + additional terms {14)
where a and b are undetermined constants and the higher order terms have

decreasing significance.

Because Y is a function of 21'1/2 [aee equation (5)], the impedance
of Z; placed in a transmission line will have a major component that has
the square root of the frequency power dependence of the interfacial
impedance itself. Thus, for Z; containing parallel resistance (Rp) and

capacitive (Cp) elements only,
1/2, = 1/R + j2nfC 15
“1 p ] p (15)

and vy will be a function of fllz; from equation (14), Z,y will be a
function of f‘llz, which 1s the form observed.

The preceding discussion i3 important becauae an f-llz dependence
is often attributed to diffusional proceases at a plane-parallel

electrode.zz_za

By mathematically fitting the mecasured impedance data
to the form predicted by equation (4), we can clearly see that the

observed responae is due to a capacitive element contained within a
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transmission line, rather than to diffusion; the coefficients obtained

do not correspond to any known diffusional process.

The capacitance under consideration 1s simply that of the
electrical double layer on the sides of the growing crack. A resistance
appears 1n parallel with this capacitance and 1s assoclated with
faradaic processes on the crack wall. At present, we are unable to
determine whether this faradaic process 1s anodic (metal dissoclution) or
cathodic (reprecipitation of metal or hydrogen evolution). To resolve
this and other important issues, we constructed a discrete (finite
element) transmission line model for the growing crack based on the
electromechanical parameters calculated from Impedance measurements, as

discussed in Section 4.

The two data sets presented in Figure 16 are not greatly different
in form; the major changes observed are in the characteristic frequency
and the intercept with the rezal axis at limiting low frequencies. The
characteristic frequency (f, = frequency of minimum phase) moves from
0.14 to 0.32 Hz between the first and second data sets, and the limiting
low-frequency intercept decreases from 3915 to 1995 Q. This decrease is
believed to be an effect of crack opening. For the data set labeled "no
crack,” the vestigial crack, although short, is very tight and the
impedance is large. Under the same load conditions, the crack-opening
displacement Increases as the crack grows, and the impedance becomes
less. In fact, a plot of limiting resistance versus crack length shows

a minimum at about l-cm crack length, the resistance then Increasing as

the crack lengthens, indicating that effects of crack length becnme more

important than the average crack-opening displacement.

The effects of crack—-opening displacement were examined by varying
the cyclic load conditicns. Specimens were cycled at a mean load, plus ‘
and minus the cyclic load perturbation. Flgure 17 shows the effects of

varying both the mean and the perturbation stress levels for a mature

crack (= 2 cm long) cycled at 0.02 Hz. For these data (and for all ‘
impedance dsts presented in this report), each impedance determination

represents an sverage taken over one complete period of the cyclic load
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and thus reflects some welghted average of crack opening

displacements. Figure 17 clearly shows the effect of crack opening
(proportional to load) on the limiting low-frequency resistance. From a
superficial examination, it appears that the effects of the load
perturbation level are more significant than those of mean load.
However, we have not attempted to separate the effects of mean and

perturbation stress levels quantitatively.

In summary, the results cf eiectrochemical experiments on a cracked
Ti-6A1-4V specimen under cyclic load conditions in 3.5% NaCl suggest
that the AC impedance appears to he due to faradalc processes at the
crack tip and a transmission line impedance associated with the crack
walls. We also observed that, at least qualitatively, crack length and

crack opening displacement appear to affect the measured impedance.

3.2.3 Electrochemical/Mechanical Impedance Experiments

It is also possible to define an impedance in terms of the
electrochemical response of a fractured specimen to a mechanical input
that causes crack propagation. OCne case in which this analysis can be
applied usefully is for the electrochemically assisted (stress
corrosion) cracking of metals submerged in 2n electrolyte and subjected
*s> a cyclic mechanical load or stress. With some simplification, crack
growth due to cyclical film rupture at the growing crack tip, followed

by metal dissoclution, can be considered as described below.

Figure 18 shows schematically the case of a crack growing in to a
metal, under constant current control and cyclic load conditions. The
loading conditions can be controlled to achieve a sinusoidal variation

in the specimen load:

p =7 +p sin(wr) (16)
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C = Counter Electrode
R = Reference Electrode
COD = Crack Opening Displacement
CTOD = Crack Tip Opening Displacement
a = Crack Length
w = Specimen Width
B = Specimen Thickness
P = Load Detail of Crack Tip
JA-4333-13
FIGURE '8 CT SPECIMEN GEOMETRY FOR DETERMINING THF
ELECTROCHEMICAL MECHANICAL IMPEDANCE
FOR THE PROPAGATION OF A CRACK
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where 3'13 the mean specimen lcad and 7 che amplitude of the
superimposed sinusoidal perturbation. To a first approximation, the
area exposed at the crack tip can be considered to be proportional to

the crack tip opening displacement.

A » YB(CTOD) (17)
CTOD = X2/2Ec (18)
ys
A = yB X%/2Ec (19)
¥s
where

Y = a proportionally constant determined by the mechanical
propertiea of the oxide film and metal at the crack tip

B = specimen thickness

CTOD = crack tip opening displacement

E = Elastic modulus of the specimen

aya = yield strength of the specimen

K = stress intensity factor = p/B f(a/uw)>3

where

la/w) = wl/2(1-azuy"3/2 (2 + afu) [0.886 + 4.64 (a/w)
- 13,32 (a/w)? + 14.72 (a/w) - 5.6 (a/w)¥) (20)

where
p = applied load
a = crack length

w = gpezimen width

L e
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and (a/w) is determined from

45

n
E
E

AR L R A T T L AL AT UL R T T S e :!..?_,‘t'..’ A LI P S S e - 1“..-‘.‘.\.‘.‘..‘.&‘.._7'-9.-.-\_.'}!_"

e A A S

L s ALA --.&.-_'-_1, A R AL ST A R PR TAE R A L L £ A CR TN L L OO R L P SN yEC A A Ry
£l e T S N W 1 o N N A L A A S N L A R L §



WP I I % ‘,\ e A -',:..-

(afw) = 1.0012 - 49.6U + 23.057u% - 32,9103
+ 1789.30% - 3513.20° (21)
where
U = [(BE[cCOD]/p)}/2 + 1]}
COD = crack opening displicement measured at a distance
0.345 w from the load line towards the front face of the

specimen.

The value for COD is determined from

COD = p g(a/w) (22)

where

04345 1 + a/w 2
g(a/w) = (1/EBY(L + —720) (=) [1+63% + 11.02(a/w - 6.449(a/w)

- 31.14(a/w)> + 47.251(a/w)" - 18.343(a/w)’] (23)
Combining equations (22) and (16), we obtain
COD = [p + p sin(wt)] g(a/w) (24)

Figure 19 shows the approximate‘ equivalent circuit for the insida
of the crack, with the impedance of the oxide-passivated walls appearing
in parallel with the impedance element due to dissolution of exposed
metal at the crack tip. The varfation in applied load described by
equatfon (16) results in a sinusoidal perturbation of the exposed crack

tip area such that

‘Because of the potential distribution along the crack, this equivalent
circuit should more properly be represented as a nonuniform, finite
transmission line for the oxide wall impedance, with the crack tip as a
terminating impedance. Such a case is gzhown in Figure 1.
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Rep = Electrolyte Resistance to Crack Walls
Rp = Charge Transfer Resistance at Passive Walls
Cp = Double Layer Capacitance at Passive Oxide
Z,, = Diffusional Impedance at Passive Walls
Zp = |nterfacial Impedance at Passive Walls
Ry = Electrolyte Resistance to Crack Tip
Rtip = Charge Transfer Resistance at Exposed Metal
Clin = Double Layer Capacitance of Exposed Metal
Zﬁp = Interfacial Impedance at Crack Tip

JA-4333-19
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FIGURE 19 SIMPLIFIED EQUIVALENT CIRCUIT FOR ASTRESS
CORROSION CRACK
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®, vy .
€.y = c‘t’1 ZEt:c = [p + p sin(wt)]“[£(s/w)] (25)
P P ys
o ZRgip Eo B
Resp = Roypf/A ™ (26)

Without going through the
in Figure 19, we can obtain an
mechanical imnedance (zem) for

AC voltage that appears at the

YIp + 5 sin(w)]’[£(a/w)]?

algebra, for the equivalent circuit showm
expression for the electrochemical/
this system, defined as the ratio of the

reference electrode, to the COD due to

the sinusoidal load variation under DC galvanostatic conditions:

vRef = 1 o B
2y = e = Vg, Ry ¥ 2)) (5 quc® ) L2 (27)
d Ry,

Under optimal conditions, zem' measured over a range of
frequencies, can be used to deconvolve the equivalent circuit parameters
in a manner analogous to that of electrochemical impedance analysis.

The advantage of this method, in the example given, Is that measurements
can be made under dynamic load conditions and that the perturbation is

imposed at the point of principal interest, near the crack tip.

In this experiment we galvanostatically imposed a 0.5 mA current
between the counter electrode and the crack tip. The potential was
measured with the Ag/AgCl reference electrode located at the crack
tipo

mHz to 10 Hz.

The mechanical frequency [Ww In equation (24)] was varied from 20

Figure 20 presents the real versus imaginary components of the
electrochemical/mechanical impedance response measured for an HY80 steel
specimen of geometry shown in Figures 15 and 18, immersed in 3.5 wtX
NaCl. Because of the form of equation (24), these plots are somewhat
more conplex than a conventional Nyquist plot. HNevertheless, these data
are amenable to standard methods of electrical analysis. We obsgerve

that the processes at the growing crack tip dominate at low frequencies,
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FIGURE 20 COMPLEX PLANE PLOT OF THE ELECTROCHEMICAL/MECHANICAL
IMPEDANCE FOR THE PROPAGATION OF A CRACK THROUGH HYBO
STEEL IN 3.5% NaCi SOLUTION AT 25°C UNDER SINUSOIDAL LOADING
CONDITIONS
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and the properties of greatest iInterest, Rtip and Ctip’ can be
deconvolved at limitingly low frequencies.

Figure 21 shows the logarithm of the electrochemical/mechanical
admittance (Yem = 1/zem) plotted versus log frequency, for a typlcal
data set, as a function of the number of mechanical load cycles
experienced by the speclmen during crack growth. These dataz show some
evolution in the crack tip parameters (the low-frequency, decending
portion of the curves), but considerably more changes appear in the
crack wall impedance, reflecting the effect of Increased crack wall area
with increasing crack length. Also, note that the crack grew about 5.7
mm during this portion of the test.

To summarize the experimental resuits of the electrochemical/
mechanical impedance data, we found that this technique was sensitive to
crack wall area at frequencies above about 1 Hz and more sensitive to
the crack tip at mechanical frequencies below 0.1 Hz. To understand the
detaila of these data and the electrochemical impedance, a more detailed
electrochemical/mechanical model needs to be constructed. This model
together with the impedance data can then be used to measure the
relevant electrochemical and mechanical parameters that occur in a
growing SCC or CF crack. As described iIn tne next section, this
approach was implementad by uwodeling the cracking process as a discrete

transmittion line.
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Section &4

APPLICATIONS OF THE DISCRETE TRANSMISSION LINE MODEL
TO CRACK GROWTH PREDICTION

4.1 OVERVIEW

In developing a quantitative model intended to predict the combined
effects of electrochemical corrosion and mechanical stress on crack
growth, the first concern 1s to calculate the chemical, electrochemical,
and mechanical parameters at the crack tip, from the prevailing
conditions external to the specimen. The problem of computing the
mechanical stress and strains in the elastic/plastic zone surrounding
the crack tip, from the externally measured load and crack opening
displacement, has been addressed by numerous at.nthv:n:'sm'19'55'59 and is

not the subject of this r port.

Instead, we are concerned with the manner in which the DC poten-
tial, the anodic and cathodic currents, the solution pH and
conductivity, and the concentrations of metal oxide and metal ions vary
with distance and time within the interpenetrating electrolyte volume of

a crack growing in a metal, submerged in a bulk volume of electrolyte.

In general, two distinct types of models can be used to obtain the

required distributions. A system of first— and second-order nonlinear

-

it e

differentfal equations can be used to describe the processes of diffu-

sion and interfacial reaction and the static potential distribution.

B
L

Inevitably, this system of equations cannot be solved analytically, and

nunerical methods and mathematical approximations must be used to obtain

o -+ 'y
LA

a solution,

An alternative approach has been developed by McKubre for studying
o porous stripping electrode528=3l'az_4& in which the transmission line
gﬁg ) equivalent circuit, described in Section 2, is considered to consist of
W a large, but finite number of discrete elements. This type of model
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also requires a numerical solution, but offers the advantage of modeling
most of the Iimportant physical and chemical processes by taken into
account the full degree of nonlinearity of electrochemical systems. Of
particular significance {s that many cf ihe electrochemical parameters
necessary to solve the discrete transmission line can be obtained by
making low-frequency AC measurements close to the potential of zero
current and solving analytically for the continuous transmission line

impedance.

The basic features of the discrete transmission line model, applied
to a stressed crack, can be seen in Figure 1. Briefly, we consider the
resistivities of the solid (metal) and electrolyte phases to be Inter-
connected by the impedance of the metal/electrolyte Interface where
charge carriers change from electrons to lons. In the discrete model
the electrical equivalent circuit 1s assumed to consist of N discrete
zones, each of length a/N, associated with the crack walls, plus an
additional zone representing the tip. In general, the Interfacilal
impedance of an arbl!trary section of crack wall will depend on the local
pctential differepce between the metal and electrolyte phases, the
nature and conceutration of dissolved species (principally metal and
hydrogen ions and oxygen), and the presence and character of an

interfacial o<ide film.

The selection of the tip impedance determines the nature of the
electrochemically assisted cracking. We are concerned here only with
mechanisms of crack growth by anodic dissolution following film rup-
ture. With appropriate modification, the model may nevertheless be used
to test mechanisms of crack growth involving de-alloying or hydrogen

embrittlement.

Because of the geometry and possible concentration gradieats within
the crack, the electrolyte resistance at each element of the transmis-—-
sion line is not coanstant with time or distance. Cenerally, the metal
phase resistance 1is much less than that of the electrolyte and can be

considered to be constant.
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The current thst flows Iinto the crack {or the potential at the
crack surface near the crack tip) was ilmposed, in our experiments, by a
potentiostat with respect to an external counter electrode. Under open
circuit conditions this current {or potential) is imposed by the

reaction of redox species on the exposed surface of the specimen.

4.2 ASSUMPTIONS

We consider electrochemics! :-d chemical reactions occurring at the
crack tip (t) on the crack walls 'w), and In the crack electrolyte

volume (v). The Important reactio.s are taken to be as follows:

Reaction
Sitegsz Reaction No.
t, w M3t ¢ oae” (5.1)
at + +
v M° + af? H20 4 MOa/2 + aH (5.2)
v, t af? HZ < aH+ + ae (5.3)
+ + -
w, t M+ af2 HZO + MOa/2 + all + ae (5.4)

All reactions are considered to be reversible. Reaction (5.1) accounts
for metal dissolution, which in conjunction with the chemical reaction
{(5.2) accounts for oxids formation by dissolution/precipitation.
Resction (5.3) is simple electrolysis, and reaction (5.4) accounts for
the direct electrochemical rcaction between metal and surface metal

oxide film.

The following concepts and assumptions have been applied to

simplify the model.

* Only metal dissclution (reaction 5.1) and the crack tip
is {nfluenced by the crack opening displacement.

o There is no oxygen within the crack volume and thus
reaction (5.3) {s the only source of net cathodic
current.
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b The crack is considered to be a wedge and the area of
metal exposed at the crack tip is determined by the
tangent of the crack opening angle, 9.

Tan(9) = COD/a {28)

where COD = crack opening displacement, a = crack length.

* In the electrochemical reactions all symmetry factors (a)
are considered to be equal to 1/2.

L] The chemical reaction (5.2) rapidly achieves equilibrium.

L At the steady state the activities of H20 and Hz are
invariant.

. The activity of the metal oxide phase is equal to the
monolayer surface coverage, @, with a maximum of 1.

L] At all points the crack is so thin that there exists no
limitation due to diffusion perpendicular to the walls.

] The presence of an (NaCl) ensures that the electrolyte
phase resistivity dces not change significantly with metal or
hydrogen ilon concentrations.

4.3 EQUATIONS

Anodic dissolution at the crack tip is considered to proceed via the

Butler-Volmer equation, with the area exposed, At' being proportional to
D.

A, = YCOD/a (29)

where Y 18 a constant, and

coD = D + |df stn(ut) (30)
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These equations (29 and 30) were used as a simplified version of
Equations (19) and {24) to reduce the model run time. Equations (19) and
(24) will be incorporated in the future. Equation (30) considers the
effect of sinusoidal COD loading of the compact tension on the dynamics
of crack growth, and a model is being developed to calculate the
electromechanical impedance under dynamic conditions that also includes
modeling of the Yy factor in equation (29). In this section we consider
only steady-state conditicns, and we define an effective opening
displacement, D, which is a function of COD, d and the sinusoidal loading

rate.

The current associated with metal dissolution at the crack tip, due
to an applied overvoltage, under steady-state conditions can be expressed

as

o = aF o
IH/Ha+ = 1H/M at+ (yD/a) {exp[ EiT-(AVN = VH/H8+ - ch]
- exp [ Zar (8Vy - Vi, 8+ = V )1} (1)

where AVn {3 the interfacial overvoltage in element N, F is Faraday's
constant, T is temperature in Kelvin, V° is the equilibrium potential, 1°
1s the exchange current density, subscript M/Ma+ refers to the metal
digsolutfon reaction (5.1}, and V.  1s the local concentration

cp
overvoltsge determined by

Vo, (M) = = (nF/RT) Ininh) (32)

The standard state for 1° and ch is taken to be 1 molar.

Crack growth i3 determined at discrete, equal time steps. Within
each time interval reactions (5.1), (5.3), and (5.4) are evaluated on the
crack walls in each segment of the transmission line, according to the

local conditions of concentration and potential.

At the end of each time interval, reaction (5.2) in each segment is

considered to be at an equilibrium determined by
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+.a
[MOalzllﬂ ]
[Ma+][H20]8/2

(33)

where the activity of water, [H20], is considered to be unity, and the
activity of the oxide film, [Moa/2]’ is taken to be equal to the frac-

tional area coverage with a maximum of 1.0 (at one monolayer coverage).

The extent of crack growth in esch time interval, t, is calculated
from the volume of metal dissolved at the crack tip in a rectangular
parallelipiped whose width is the width (B) of the crack opening angle

gnd v and whose depth is the increased crack length, Aa. Thus,

(1t1Pa4) (o)
AL W (34)
nFMIpy OB

where M and p are the average molecular weight and density of the
dissolved metal, respectively, and the other symbols have been previously
defined.

The concentratizns within each segment of the transmission line are
modified by the combined effects of (1) chemical and electrochemical
reactions, (2) the diluting effect as the volume is increased with crack
growth (in flow of bulk electrolyte from outside the crack), and (3)
diffusion. The effecta of diffusion along the crack length are accounted
for at the same discrete time intervals as crack growth. A comprehensive
model for transverse diffusion is presented in Appendix B. Briefly, we
consider the propagation of concentration profiles between nearest
neighbors that initially have uniform, but different concentrations.

Ad jacent zones have different cross-sectional areas and different volumes
in the wedge-shaped crack profile. Different approximations are uaed for

long and short times.

The final consideration is of the thickness of the "passivating”
metal oxide film. This film has an important role in localizing the
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metal dissolution process at the crack tip. We consider the metal oxide
to conduct both electrons and ions. The electronic conductive properties
are accounted for by the solid=-state reacticn between metal and metal
oxide [reaction (5.4)]« The primary role we envisage for the metal
oxide, however, is as a diffusion barrier. At greater than monolayer
coverages, we consider that the direct metal dissolution reaction on the
crack walls is impeded by the diffusion of metal ions across the metal

oxide membrane. The passive current density, 1p’ is therefore given by
i = of) ————r (35)
Y

vhere D is the diffusion coefficient, CS 1s the saturation solubility of
metali lons in the metal oxide phase,* Cy 1ls the concentration of metal
ions at the crack electrolyte/metal oxide interface, and Yy 1s the oxide
film thickness. We simplified the calculation by assuming that metal
salt will precipitate when the activity of metal ions reaches unity
within the oxide phase. We can therefore define the maximum passive

current density (for CS =1 and Cy = 0) as

0
ip - -nFD/yN (36)
and the passive dissolution current in each segment 1is given by

]
I, = 1p (1 - CN)/yN (37)

*Note that we have not specified whether or not the iilm is

porous. In the event that it 1is, the values of Cg and D would change,
but the principle of a diffusion barrier remains the same.
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4.4 TIMPLEMENTATION

The model described in this section has been implemented as a
computer program written in BASIC for the Apple II microcomputer. A
listing is provided as Appendix C, and a schematic flow chart 1is given in
Figure 22. Briefly, the program allows for the initialization of the
physical and electrochemical parameters used to define crack-growth con-
ditions. These parameters are stored in the array ZM(26) and have the

meanings shown In Table 3.

The transmission line is considered to conasist of N segments, where
N € 200. Data are saved in the array ZN(9,200) for the metal and
electrolyte phase voltages and resistances, the interfacial currents for

»> a+ +*> + b

the electrochemical reactions M + M™7, Hy ¢ 2 H", and M ¢ MO, /25 and for
the hydrogen and metal ion concentrations in the crack electrolyte, and
the oxide monolayer thickness, in ea-h segment. The allocation of these
variables is shown in Table 4.

Before the application of stress or potential, a vestigial crack is
considered to exist, filled with electrolyte at the bulk pH, with the
walls covered in a monolayer of oxide, and the metal ion concentration in
chemical equilibrium. The data array is Iinitialized with these concen-
trations at the outset of computation. The program then guesses an
initial value of the applied potential that will result in the net DC
current. The resistances, potentials, and currents are then calculated
in each mesh of the transmission line, progressively, from the reference
electrode to the crack tip. If the sum of the calculated interfacial
currents is not equal to the net DC current that enters the crack (within
the gpecified tolerance), then the initial value of applied potential {is
adjusted and the computation loop reiterated.

Following a successful solution of the current and potential
profiles, the changes in concentration resulting from chemical and
electrochemical reactious, the crack advancement, and effects of
diffuslion are evaluated, and the resultant p.ofiles are output to printer

and/or disk.
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FIGURE 22 CRACK GROWTH FLOW CHART
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Array Element
ZM(x)
=]

Om N W N oH)

= = el ped et e
o e N O

16
17

18

19

20
21
22
23
24
25
26

Table 3

PARAMETER ARRAY

Parameter

<,
L By
GO LA L L A

DC current

Specimen width

Specimen height

Specimen length

Crack opening angle

Bulk electrolyte pH
Electrolyte resistivity
Metal resistivity
Mechenical stress factor, ¥
Number of electrons/ion
Computation interval

Number of elements
Computation tolerance
Maximum number of iterations

Exchanfe current density,

M/M3
Equilibrium potential, M/M2Y

Exchange current density,

Equilibrium potential,
M/HOaIZ

Exchange current density,
H/H*

Equilibrium potential, H/H'
Chemical equilibrium constant
Charge per nonolayer of oxide
Charge per volume of oxide
Metal fon diffusion coefficient
Passive current density

Mechanical loading frequency
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Units
A
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cm
radians
Q cm
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’ Table 4

DATA ARRAY
Array Element
ZM(x) Parameter Units
M =0 Solid phase voltage, vs,N
1 Electrolyte phsse voltage, ve,N v
2 Solid phase resistance, Ry y Q em !
3 Electrolyte phase resistance,
Re,N Q em!
4 Interfacial curreat, M/M3% A
5 Interfacial current, u/ut A
6 Interfaclal current, HlHoa/Z A
7 Hydrogen ion concentration, [HY] wmole dn™3
8 Metsl ion concentration, [H“+] mole dm™3
9 Metal oxide thickness, Xy monolayers
63
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This procedure is repeated at the interval specified until the crack

achieves its desired length.

4.5 RESULTS

A gseries of computations was performed in a preliminary attempt to
verify the model predictions, using estimated physical and
electrochemical parametera for HY80 steel in 3.5 wt? WaCl. The
parameters used are summarized in Table 5. Figures 23 through 26 show i
the results of computations that conform closely to the initial crack
velocities measured experimentally for the compact tension specimens. We

-1

measured the crack velocity to be about 2.3 x 107 us and the model

predicts an Iinitial velocity of 6 x 107 n g7} (see Figure 21).

For the first computation (parameters Cl in Table 3), a crack was
grown from a = a% + 0.05 em to a = a® + 0.76 cm where a® = 3.6 m at a
constant crack current of +1 wmA. This computation used a COD cycling at
1 Hz, which corresponds to a AK of ~20 ksi v1iIn.; this AK value did not

change appreciably as the crack grew over this small distance. Figure 23
ahows the time dependence of the crack veloelity, crack length, and
potential at the orifice. The crack propagates initially at an

-1, but after about 10 days, the

essentially constant rate of 0.6 pym s
ctack decelerates rapidly; at 30 days the crack velocity is esseutially
zero. Under constant current conditions the potential at the orifice
{ncreaaes monotonically with time, as the active zone at the crack tip
becomes further removed. Because the crack velocity decreases rapidly
after the crack has grown approximately 0.5 cm, one is inclined to
attribute this decrease to a decreasing AK or correspondingly a
significantly lower crack tip ruptured area that decreases as the crack
length increaaes. This 1s not the caae becauae the stress intensity and
area exposed at the tip have changed very gradually and ounly by a small
amount over the total range of crack lengths calculated. It nevertheless
appears that the model is predicting a AKX threshold value near 20

ksl YIn. This decrease in crack growth rate seems to be due to

precipitation of oxide along the crack length.
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Table 5

PHYSTCAL AND ELECTROCHEMICAL PARAMETERS

USED FOR MODEL COMPUTATIONS

Descrigt ion

Applied IC current 103
Crack opening angle 0.003
Bulk electrolyte pH 6.0
Electrolyte resistivity 20,0
Metal resistivity 1072
Mechanical stress factor 7 x 107
Exchange current, M/M2T 1072
Equilibriun potential, M/MT' ~200
Exchange current, H./MOa /2 107
Equilibriun potential, M/MO, /2 -100
Exchange current, wt 1074
Equilibriun potential, M/M" 0
Chemical equilibrium constant 1076
Diffusion coefficient, M+ 2 x 107
Passive current density 10'6
Mechanical loading frequency 1

65
T P 'n"'-"'\' - n -- '\”_‘- o g ¥ : \
TN = h-s- :-'E::-t ‘}. :..

__Computation Number
Cl

C

0+ 1072
0,003
640
20.0
107

RO Rt P A

'b-.,.'\_( ’\l

‘-\-‘.-w--\'
\. I\“;‘ﬁ

Units

rad

Q em

Q cm

LT LR
L) 1.




POTENTIAL {mV versus SHE)
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FIGURE 23 DC TRANSMISSION LINE MODEL CALCULATION OF THE POTENTIAL,
CRACK LENGTH, AND CRACK VELOCITY AS A FUNCTION OF TIME
FOR A CRACK GROWN AT CONSTANT CURRENT IN HY80 STEEL

Initial conditions C1 in Table 5.
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FIGURE 24 DC TRANSMISSION LINE MODEL CALCULATION OF THE POTENTIAL
VERSUS DISTANCE INTO THE CRACK AS A FUNCTION OF TIME FOR
HYBO IN 7.5% NaCi

Inizial conditions C1 in Table 5.
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FIGURE 25 OC TRANSMISSION LINE MOOEL CALCULATIONS OF INTERFACIAL
CURRENT, METAL ION CONCENTRATION, ANO CRACK ELECTROLYTE
pH AS A FUNCTION OF OISTANCE INTO CRACK
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FIGURE 25 DC TRANSMISSION LINE MODEL CALCULATIONS OF iNTERFACIAL
CURRENT, METAL ION CONCENTRATION, AND CRACK ELECTROLYTE
pH AS A FUNCTION OF DISTANCE INTQO CRACK (Continued)
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FIGURE 25 DC TRANSMISSION LINE MODEL CALCULATIONS OF INTERFACIAL
CURRENT,METAL ION CONCENTRATION, AND CRACK ELECTROLYTE
pH AS A FUNCTION OF DISTANCE INTO CRACK {Concluded)
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Figure 24 presents profiles of the potential difference between the
solld and electrolyte phases (the potential driving force for electro-
chemical reaction) as a function of distance and time. For this example
the equilibrium potential for metal dissolution is taken to be =200 nV
versus the standard hydrogen electrode (SHE); thus, the baseline of this
plot represents the approximate potential of zero dissolution current.
As expected, the potential decreases between the crack orifice and the
crack tip due to the finite conductivity of the electrolyte, the
existence of electrochemical reactions at the crack walls, and the
presence of reaction products in the crack electrolyte volume. Somewhat
unexpectedly, for the conditions chosen, this potential drop is not a

large fraction of the total overvoltage driving metal dissolwtion, and

the potential drop decreases {(as a percentage) with increasing crack

length.

This observation is surprisirg in view of the results of previous
r:atlculal:ions.8’9 Nevertheless, ii 1s necessary that a significant frac-
tion of the externally Imposed pcotential be reflected at the growing ]
crack tip to account for the observation of a critical potential for |

crack growth.60

The origins of the deceleration in crack growth rate observed after
10 days for computation Cl can be seen clearly in Figures 25(a) through
{(c). These figures show a normalized crack length, with the time of
growth and actual length given in parentheses. Figure 25(a) presents the
component of the total interfaclal current due to metal dissolution via
reaction (5.1), as a function of time and length. The ordinate is
plotted logarithmically to accommodate the large range of interfacial
currents. Independent of time and length, the majority of the dissolu-
tion current flows from the region of film rupture at the crack tip.
Despite the presence of a passivating oxide film, some metal dissclution
also occurs on the walls of the crack. To z first approximation, how-
ever, the crack can be considered as active at the tip, partially active
at the orifice, and passive (with respect to metal dissclution) in the

central segments.
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Figure 25(b) shows the concentration of metal ions (plotted as
-log[metal ion]) within the crack volume. For the example calculated the
concentration 1s constant before the imposition of an external current,
at a value determined by the chemical equilibrium between metal 1ons,
hydrogen ions, and the aurface metal oxide. As the crack grows, metal
ions become depleted in the central aegments due to the formation of
metal oxide. Metal Ions are produced by dissolution at the crack tip,
but the effect of this concentration does not propagate deeply along the
crack length.

Because reaction (5.2) 1s assumed to be at equilibrium, the deple-
tion of metal ions In the central segments requires that the hydrogen ion
concentration also be low. Thus, Figure 25(c) shows a trend toward
alkalinity in the crack volume, with local acidification at the crack
tip.

A second series of calculations was performed to determine the
effect of crack current (or external potential) on the initial crack
velocity. The parameters used are listed as "C2" in Table 5, and the
results are summarized in Figures 26(a) through (c). Figure 26(a) shows
the steady state crack velocity for a vestiglal crack 0.1 cm long,
plotted versus the potential of the electrolyte at the crack orifice for
K = 107, This plot exhibits a discontinuity at about 275 mV versus
SHE. Below this potential the crack grows very slowly, whereas at higher
potentials crack velocity increases roughly linearly with potential. Omne
can interpret this discontinuity as a crack initiation potential although
a closer inspection of the velocity versus potential profile near 200 mV
[see Figure 26(b)] reveals two abrupt steps in velocity, one at 180 mV
and the other at 275 mV. Figure 26{-) shows the same data plotted as the
logarithm of crack velocity versus the current that flows into the crack,
which allows us to determine the critical current for crack growth

of ~ 18 mA for the conditfons selected.

The results obtained for a chemical rate constant of 10_3 are not
plotted but shcw that, with larger values of the chemical rate constant,

the discontinuities {n velocity, shown In Figure 26, disappear, and the
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crack growth rate becomes a aimple monotonic function of potential (or
current). A aecond major effect of the chemical rate constant i{s that
large values of the chemical rate conatant reault in general

acidification of the crack electrolyte.
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Section 5

CONCLUSIONS

From the results of this program, we draw the following conclusions
regarding the use of AC impedance techniques and transmission line
modelingz to obtain electrochemical/mechanical properties states

distributed within actively growing environmentally assisted cracks:

. The AC impedance response of the uncracked Ti-6A1-4V was found
to behave as 1f the titanium alloy were covered with a dense
T10, semiconducting oxide layer. The HY80 exhibited more
complex behavior although more typical of a corroding
electrode. At *transpassive and cathodic potentials the
electrode impedance behavior was dominated by diffusional
behavior, whereas in the potential range where a pseudo-pasaive
film i{s expected to form, the impedance response was dominated
by the double-layer capacitance in the electrolyte.

. The AC impedance response measured on cracked Ti-6A1-4V

o specimens under corrosion-fatigue conditions was found to depend
on environmentally induced crack growth, total crack length, and
chauge in stress Iintengity (A¥). The electromechanical
impedance of HYBO steel undergoing corrosion fatigue was modeled
as a simplified equivalent circuit. The electromechanical
impedance HYB0 was alsu measured. This electromechanical
impedance t chnique was sensitive to crack wall area at
frequencies .bove 1 Hz and more sensitive to the crack tip at
nechanical frequenc!:s below 0.1 Hz.

b A DC transmission line nodel of growing corrosion-fatigue cracks
constructed from HYS80 undergoing corrosion fatigue was used to
predirt crack growth rates and potential and chemistry
distributions within the crack. The predicred crack growth
rates were in reasonable agreement with the experimentally
measured values. The model also predicted a reasonable AK
threshold for crack growth. At prescnt, the model treats the
crack tip region rather simply, but several models exist that
could be incorporated rather easily in the future.

- The results of this program have shown that a technique combining AC

impedance, electrochemical/mechanical impedance, and transmission line
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modeling offers the potential to determine both the mechanical and
electrochemical processes that occur within streaa corrosion and
corrosion—-fatigue cracks. At present, it is one of the few techniques
with this capability. The results did not conclusively show that the
combination of AC impedance, electromechanical impedance, and
transmission line modeling can be uaed quantitatively to predict crack
growth ratea because the transmissicn line model was not used to
reproduce the electromechanical impedance. We recommend additiomal
effort to use the transmission line model in conjuncticon with the
electromechanical/electrochemical impedance to obtain the critical
mechanical and chemical parameters at the crack tip. It is clear that,
with more modeling and experimental work on a wider variety of materiala,
load cyclea, and aqueous environments, the electrochemical/mechanical
technique developed in this program can become an important research

tool.,
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Appendix A

IMPEDANCE DATA MANAGEMENT AND CONTROL PROGRAM

1 REN °ONSS.MAIN 15/JUN/19B3
3 REN BY N.C,H.MCKUBRE
10 HINEN: 34300: LONEN; 24577
90 INY = 120: 1F NPX < > O THEN 1000
100 OIN IMC12B),IN(S,INY},IL(9},1T(32),100(D)
110 PRINT CHR$ (4};°BLOAC B.FRA®
140 INC(1) = 1:INM2) = L:INOU1) = 100: IM012) = {SIMCLD) = Lo@N(21) = 1:IM(22) = 1IN(23) = 1:QIM(24) = 1:
IN(Z3) = 10IN(34) = 65535:IN(35) = L:IN(IB) = INL:ING39) = LL1GINC44) = [:IM(45) = 02013 IN(49) = 2
00
150 IN(S1) = 1:IN(S3) = 1:IM(35) = 1:IN(S4) = INI:IN(ST) = L:IN(D4} = 2:IN(BS) = 2:IM(B&} = 2:IMi121) =
2:IM0122) = 12INCI2T) = 1
140 % = FRE {(0):5BY = 42081 = 1:VBL = 23
170 1F ST ¢ § OR SX > & THEN 5Y = 3:0% = 1:¥X = 0
200 60SUDB 20000
300 DATA  'FR®,“AN","B1","WF®,"R0",1SY",°LE®,"SR*,"SL°,"AC","AS*,"AV","AE",*AP*, QA" "OR", "ON",°SQ","S
&', "RG"
120 DATA *IS*,°IC*,"NS*,°*MC","HA®,"AU® "RA*,*0E","OC",*IP",*SA®, *S1", *RE®, "NA®, "NI", "60", "50*,"65", "R
'.'NH'. lel'lssl| lel‘lSCI‘ ISOI'ICOI
40 DATA  *VE®,*AA®,"PD", "X, "XH","KL","X0",°YI*,"YH"®,*¥L","Y0", "SP*,"PL", "GN", °ST*,“P6*, VA", "UP*, "0
N.I IFDI'IFDI. IFCIlILLI
360 OATA "BK","sL","SE®,"8C","SF*,"8B","$0",°#1","8Q",°4P" "EP",*JP*,*CP"', "TN", "TT*,"0P* ,*FN*
100 Oala "AF*,°BF",°RF","TF*,*UA®,"UB®,“UR","UT® *U*, "LA®,"LB","LR","LT*, "L6", "SV", "PP",°P5","0S", 0T
ll IRRI| RH"
400 OATA °NR®,°NA","PN",°ER",°A1","AR", "15"
1000 TEXT : POKE 34,0: HONE : PRINT
1100 PRINT : PRINT "PROGRAM OPTIONS ARE:®
1120 PRINT : PRINT * 1...SET UP SOLARTRON"
1140 FPRINT : PRINT " 2...HELP"
1160 PRINT ¢ PRINT * 3., TAKE MEASUREMENTS®
1100 PRINT : PRINT * 4...CHAIN BOOE PLOT"
1200 FRINT : PRINT = 35...CHAIN NYQUIST PLOT®
b
7
]
)

by 1220 PRINT : PRINT * &,..SAYE DATA ON OISK"

123G PRINT : PRINT °
1240 PRINT : PRIN™ *

...RETRIEVE DATA FROW D1SK"

. SET TIRE"

1243 PRINT : PRINI " 9,,.CHAIN ANALYS1S PROGRAN"

1230 PRINT ; PRINI * O...EX1T PROGRAR"

1260 T113y = 0: VTAB (230:12(4) = 0:11(5) = 9: 60SUB 10100

1200 IF ZEX(O) = 1 THEN 1000

1300 ON 2243 60'0 1500,2500, 3000, 4000, 5000, 6000, 7000, 8000, 9700

1320 HOME : VTAR 9: PRINT "EX1T PROSRAN®: PRINT : PRINT “TYPE §0TC 1000 TO RESUME": END

1300 G0SUB 13000: 6OTO 1000

1500 IMC12B) = 1:M$ = °TIF2": 6OSUB 29000:11¢4) = I1{31:m$ = "TIFO": GOSUB 29000: PRINT : PRINT "RS = °

g
3
a

A-1
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(I1{4): PRINT :
1920 IN(51) = I1(4): BOTO 1300: REN RP
2000 NOME : PRINT *INITIALISE®
2020 60SU8 20000:N$ = *:'TT2"™:
2040 GOSUD 290002 REN KEITNLEY
2080 6OTO 13000
2500 NOME : VTAR 5: PRINT * HELP:":
E.*: PRINT “LIFE IS LIKE TNAT.
T KNON WNAT YOU ARE ODING®
2310 PRIMT “1T 15 POSSIBLE THAT YOU SNOULO MOT®:
E 70 MOT":
2520 VTAR 23: GET 208(0):
3000 NOME :
Jolo BOSUB t1500: PRINT :
= ONSS(D-"1¢08:0)

60508 21000

t PRINT *

PRINT 108(0): BOTO 1000

¢ I8 = 78

3020 PRINT : PRINT *STARTING FILE ¢ °;
X0V =t THEW 3020

3030 IFY = JII3):INCSY = INCHDY

3040 X = FRE (0): POKE 34,0: NOME : POKE 34,3: YTAE I:
P43 IFT: VTAS 3: PRINT *SCALE FACTOR “:2M(33)

3050 IN(47) = 0: NOWE : VTAB 5: PRINT “STATUS PAGE®:
MES “iIMI: VTAB 10: PRINT “TIMED SWEEP®:
19: PRINT “OFF*

l060 VTAD 12: FRINT °OC VOLTAGE SWEEP®:
“0FF"

370 VTAR 14: PRINT "FREQUEMCY SWEEP®:
: PRINT *OFF*

9: PRINT “UFF*
3020 VTAB 18: PRINT "INPUT FRONT/REAR®:
PRINT "REAR °:
00 VTAB 2: HTAR 28: PRINT "START @ "1IM(124):
U0 [F INC126) > 0 THEN BOSUB 18200:
11: 60SUR [B0D0: ROTD Y110
120 FPL = f: IF IM(S0) = 2 THEN FRY = 2
30 IM(S6) INT CINY 7 (FRY & IM(55) ¢ IM(ST)))

J150 VTAR 23: PRIMT INM(3%),IM(S7),IM(56)

M40 VTAB 3: CALL - 938: PRINT

U0 J = 0: 1F ING1Z21) = | THEN IN(D) = IN{118%: REM
T3 BOSUE 900: REM SET D1SPLAY
80 11 = T GOSUR 17000

90 FOR JIN = 1 D 441 8 MO
Y200 IMi1) = IN13%5c REW F MIN,
3200 11 = 12 BOSUR 17000
1220 IMi291 = G: IF IMiYD O
3230 11 = 29: 60SUE 17100
1240 IMi23) = IME122): REM

NEIT JIN

= ING49) THEN IM(2%) =

INIT14L HARMON1C

AT T G Ny
S e,

INPUT "USE TNIS VALUE (Y/M) ? *;Ns:

---="1 VTAR 10: FRINT *
|T CAM SOMETIMES BE®:

PRINT “BE OOING 1T7.°:
PRINT "CALL ME,“: VTAB 19: NTAD 9: PRINT °NIKE®

015 X = FRE (03s2F¢ = 2080012 224B) = 77:20400) = “OWSS{P)-* + IF#: BOSUB 131400:1F% =

ST = RN T = 03ILS) =

PRINT °MEASUREMENT MOOE § “;IN(127}:

PRINT $oc-enn -oent
+ HTAB 19: PRINT “ON":

: HTAB 19: PRINT “On*:
3080 VIAD Lé: PRINT "HARMOMIC SWEEP®;: NTA® 19: PRINT “ON':

+ HTAD 19: PRINT “FRONT®:
IF IN05C) > 1 THEM VTAR £8: HTAB 19: PRINT “8OTH®

VTAR 3: NTAB 29: PRINT *STOP @ *iIM(12%)
IF Z243) + 1204} / 60 < IM(124) THEW FOR {1 =

THA0 IM39) = (IN(3R0 7 INCYSY ~ AL F IMUSAN)
45 INed, 6y = INY: BOSUR 18200:IMi1,00 = J113) o J7(4) / 0:1N(2.0) =
= 123

Fali o [ T S N
RIS PO, \s-.-.-.\---.’-.‘-

16 N$ ¢ > "Y* TNEN 15000

TNERE 15 NO NELP AVAILABLE HER
PRINT "NARO AMO CRUEL.®: PRINT * LF YOU OON

: PRINT *  PLEASE 00 MOT NESI1TAR

VTAS 3: PRINT "NAME ANO LOCATION OF SAVE OATA FELE®
PRINT °FILE NAME W1LL BE PRECEOED 8Y DNSS(0)-*

t PRINT : IMPUT “ENTER FILE NA
“ONSS(01-" + IFs

100:2746) = 12 BOSUB 10100: IF IE

VEAD 2: PRINT

¢ YTAB Bs PRINT “TOTAL 4 OF POI
IF IM{125} = 0 TNEN VTAB 10: NTAB

: HTAB 19: PRINT “ON®: 1F INCI20) = O TNEW VTAB 12: NTAB 19: PRINT

1IF In(34)

INI33) THEN VTAB 14: NTAB 19

IF IN(122)

INU123) TNEN VTAB 163 NTAB 1

IF IM(30) > 0 THEN VTAB 18: HTAB 19:

1 10 4444: MEXT

INCI2705INE3,0) = IM(ST)e ML, 0)

INITIAL OC

11 REN COUPLING

-7 e --’J
DAIRDAARAREA e S LSV ALY




3250 11 = 25: BOSUB 17000

3260 FRY = O:IN(30) = O: 1F IN(SO) = 1 THEM IM(30) = {:FRY = {: REM REAR

3270 11 = 30; GOSUB I7100:IM(4S) = 0100: IF INC(127) = 2 THEM IM(45) = 0200

3280 IF IN(I27} = O THEN IN(435) = 0201

3296 3 =7+ 1: IF J = INY AMO IN(12B} = T THEN 3620

3295 IF J > INY THEM 3580: REN  FULL

3300 11 = 45: BOSUB 17000: BOSUB 1B000:11 = 32: GOSUB 14900: REN  MEASURE

J310 M$ = ":'0P2,1'":11 = 4: BOSUB 24000: IF I1(4) ¢ > O THEN 3300

J320 FOR IS =1 70 3:INCIS - 1,3} = II{18): MEXT IS

3330 IF IM(127) > 3 THEM I = 45:IM(45) = 0200: 60SUB 17000: GOSUB 1BOOO:N$ = ":'0P2,1'*: 11 = 4: BOSUB
24000: REM CH#2

JUo IF N2 ¢ 3 THEN IN(3,0) = 1:IN(4,0) = O

J3S6 1F INUI27) = 3 THEM IM(3,0) = INUL,J0:IMQ4,0) = INO2,00:INMT,0) = 2RQ20:IME2,4) = 12Q3)

3360 IF IM(127) = 4 THEN IN(3,d) = I1(2) - INCLJD:INCA,0) = T2(3) - INI2,0)

3376 1F INCI27) = 3 THEM IMG3, 00 = INOL,QD:INC4, 00 = T2, 00 :IN0L) = T ING2,0) = T2(D)

J380 IF IN(127) = 5 THEN GOSUB 3BOO: 6OTO 3420

3390 GOSUB 9500:1M(3,d) = 1 / IM(S1)eIN(4,) = 6.2B232 & IN(O,J) ¥ IN(52): EOSUB 9360:INMt1,J} = IN(I,J
b/ IM(S3)2IN(2,0) = IN(2,d) 7 IM(53)s REM SCALE

J400 60SUB 99BO:IMI(3,J) = IM(3}e REM MAG, kPHASE

3420 11 = 1:M¢ = ":"7ER"": GOSUB 24000: VTAB 21: HTAB 12: PRINT IL(II)

J430 11430 = 7212040 = INQI22):2N05) = IMC1IBI:IIU4) = IM(35): GOSUB 399¢

32 11(3) = Be1l44) = IMC123)52T0S) = INCHI9): 11(4) = IM(34)¢ BOSUB 3990

A3 T3 = §:7004) = L32TIS) = QN(120):1108) = INM(39)s BOSUB 3990

J436 11430 = 10:11(8) = IN{25):I1451 = IM(3D:12(6) = IM{1): GASUB 3990

J440 VIAB 12: HTAB 9: PRINT J - I;°/";IRY; TAB( 25)5J;°/°;INL

3450 FOR 11 =0 TO 5: VTAB (13 + 110z HTAB &: CALL - BoBs PRINT INt11,J - 1); TAB( 24);IN(IL,0): MEXT
11

3450 INVERSE 1 VTAB 20: WTAB 12:108(0) = "FRONT"s 1F IN(30) = 1 THEN 108(0) = " REAR"

3462 PRINT I0$10);: HTAB 2Bs10%(0) = "OC": IF IN(29) = | THEM Z0%(0) = *AC"

J464 PRINT 706(0)3: HTAB b:10%(0) = "OFF"s IF IN{14) = 1 THEN 106(0) = "ON "

3466 PRINT 109101 MORNAL

J480 VTAB 4: CALL - B&B:s IF IN{47) = 999 THEN PRINT "TERMIMATE"

J490 1F IN(50} = 2 ANO FRY = O THEM ZM(30) = 1:FRL = 13 BOTO 3270: REN REAR

3500 1F IN(25) < IM(123) THEW IRM(23) = IM(251 + 12 GOTO 3250: REM LOOP W

3510 1F IMG1) > = IN(3A) THEN 3540

3520 IMCL) = IMCLY O IMOQ390: IF IMCHD > IN(34) THEN IW(1) = IN(34)

1536 B0T0 3210

540 IF SGN (IM0(3200% = SEM [IML119} - IN(3)) THEN IR{3) = IRM(3) + INI120): G010 31BO

3550 REM OC LINIT REACHED

3560 IF INC121) = 1 THEM JIBO

1570 &0TO 3210

I5B0 REM FULL

1590 6OSUB 18000

J600 IML1Z4) = IR(124)  IN(126): REM INC,TIRE

3p10 1 = FRE (0V:IFY = IFT + 1:109(0) = IFy + STR$ (IFYI:II(B) = 78: GOSUB 11400: REW  SAVE O0ATA

Je12 1F (I1(3) « T2t4) /7 1000 > INCI23) OR IM(47) = 999 THEN 1000: REN TERNINATE

Iols GF IMC121Y = 2 THEN IN(3) = 1MW) + IN(1200: IF GG (INC12)) = SEW (IN(119) - IN(3)) THEW 1000:
FEM 2C LINET

1418 6ATO 3040: REN CLOSE LOOP

3820 IN(1) = 60:11 = 1; GOSUD 170G0:IN{0,IKT) = 60: FOR A = 1 TO 441: WEIT AzRe = "TIF|": 8OSUD 29200:]
N(Z,INT} = 17(3):M8 = "TIFO"; GOSUD 29200:IN(3,IKT) = 11(})
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3630 INi18Y = Q:11 = 18: 60SUB 17000: FOR 1
1(3):Ns = "T(FO": 6OSUB 29200:IM{S, INY)

3640 11 = 20: GOSUB 16900: GOTO 3420

3800 REM CHI=I,CH2=V

3620 M3, = IN2D):ING4 Ty = 12620 IMU5,0) = TH(D)

3040 11 = 1 / INSD):2N(S) = 6.2B232 ¢ INMOLD) 8 IMIS2)aI204) = INCT,0) & QU() - IM(2,0) 8 ZT(3):IN
(2,J) = INLD) 8 T2(3) ¢ IM(2,00 8 TTU20:INLL,00 = T12(4): REM [I=E/R

3860 INUL,3) = INGT,J) & INCS3):ING2,0) = IN(2,0) 8 INCS3:INGA,J) = INCA,J) 8 IN(S3):IN(S, D) = IN(S,])
$ IN(33): REM SCALE MULTIPLIER

3880 RETURNM

3900 REM DISPLAY

3920 REM

3930 VTAB b: CALL - 958: HTAR B: PRINT °H DLV FREQUENCY®: PRINT "INIT.®: PRINT °FINAL®: PRINT *
STEP®: PRINT "CURR."s FOR II = 0 TO 5: VTAR (13 ¢ I1}: PRINT "#°311: KEXT II

3940 VTAB 20: PRINT °INPUT FROM : COUPLING  :COMP °*

3960 VTAB 21: PRINT "LAST ERROR: *: RETURN

3990 VIAB I1(3): HTAB 7+ CALL - 84B: PRINT II(4)y TAB( 11)522(5}; TABC 1B);21¢5): RETURM

4000 ID$1(0) = "BODE™: 6OSUB 19900

4020 NPT = 1: CALL 520°DWSS. BODE®

3000 ID$(0F = "NYQUIST®: BOSUB 19900

5020 NPY = I: CALL 520"DNSS.NYQUIST®

6000 REN SAVE DATA TO DISK

6010 BOSUB 11500: PRINT : PRINT "FILE NAME WILL BE PRECEDED BY DNSS(D)-°: PRINT : INPUT "ENTER FILE NA
NE = DMSS(D)-";10%(0):7D8(0} = “DNSS(D}-" + ID$(D)

6020 1118} = 7B: BOSUB 11420: 6OTO 1000

6500 0810} = ID$(0) ¢ STRS { INT (ZI{3} +» 0.5)): RETURN

7000 REM RETRIEVE DATA FROM DISK

7040 T = FRE (0): BOSUB 11500: PRINT : PRINT "CURRENT FILE NAME = ";IF$:*$°;IFL: PRINT : INPUT *  NEW
FILE NANE = DNSS(D)-";1D$(0}:2D8(0) = °DNSS(D)-® + ID$(0}: IF IDS(O} ¢ > *DMSS{D}-* THEN IFs = I
De o)

T060 X = FRE (Q): INPUT *  MEN FILE & = *;IFL:20%1(0) = IFS + " + SIRS (IFY)

1080 128 = 78: 60SUB 11300: GOTO 1000

8000 HOME : REN SET TIME
8020 EGSUB 1B200: VTAB B: PRINT “NEN TINE:™: HTAB 9: INPUT "HOURS “;JIN: IF JIN > 99 OR JIN ¢ O THEN 8

020
8040 VTAB 11: HTAB 7: INPUT °NINUTES *;IN(83): IF IN(B3} > 59 OR IN(B3) O THEN BO4O
8280 11 = 83: 6OSUB 17200: 6OTD 1000
9000 REM DISPLAY COUNTER ROUTINE
9010 WIAR 30: PRINT “$ °;JIN;®  ": RETURN
9240 PR$ 3; PRINT *3(:": PRINT "'";ID8(O);"I°"; PRINT "37;@H:": PRS (: INPUT ZID$(0): IN$ O: RETURN
9500 RENW COMPLEXDIVISION
9520 I145) = IN{3, 01 8 IM(3,d) ¢ IN(4, 0} 8 INCAD)
9540 104} = (ING1,00 8 INCS 00 # INCZ0) & INGAD)) 7 1S
9560 1704} = (IN2,00 & IN(3,d0 - INCL, Y 8 INGR 00 7 TT(S)
9580 IN(T, 00 = LIC&)INGZ,d) = T1(4): RETURN
9700 ID8(0) = "ANALYSIS": 60SUB 19900
9720 CALL 320°DMSS,AMALYSIS®
9970 REM MAB. & PHASE
§900 IN(3, 00 = SQR CINGL,J0 8 INGL, 2} ¢ IN(2,0) 8 IN(2,00
°98S IN(4,J) = ATN (INIZ,0) 7 INQL,JM0 8 1180 7 3.141392854)
9390 INIS,J) = LOG (INIZ, )} 7/ LO6 (191: RETURN
9999 PRINT CWRS (13); CHRS (4};"SAVEDMSS,MAIN®: EMD

1 TO 441t MEXT I1:M$ = °TIF1": GOSUB 29200:IM(4,IN1) = 1
13

H
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10000 REN  Y/N SUSR
10010 TEX(0) = O: PRINT "YES "3: 6ET ID${0I:I1¢3) = PEEK (38) - &: IF IDS(0) = *Y* OR ID8(0) = CHR$ {
13) THEN 21(3) = 2: PRINT **: RETURN
10020 IF ZID$10) = *N* THEN POKE 3&,I1{3): PRINT "NO °:IZ¢3) = 1: RETURN
10030 ZEX(0) = §: 6OSUB 10050: RETURN
10050 REM ERROR SUBR
10060 PRINT CHR$ (7}:IEX(C) = 1: RETURN
10100 REN  1/P SUBR
10110 CALL - Beb
10120 TEX(0) = O: PRINT IZ(3): INPUT * *;ZD${0): IF ID$(0) = °° THEN IZ(7) = I1(3): §OTQ 10170
10130 FOR | = 170 LEN (ID$(0)):106 = MIDs (1D8(0),1,1)
10140 IF Z0$ = °+" OR I0$ = "-" OR Z0$ = ° ® OR I04 = °.° OR ZB% = "E" THEN 0140
10150 IF @8 ¢ “0" OR 8% > "9° THEN 10050
[0160 NEXT 1:21(7) = VAL (ZD810))
10070 JF ZZ(7) ¢ I244) OR 12(7) > T2(5) THEN 10050
[01B0 II¢3) = 21(7): IF IT48) = I THEN I1{3) = INT (22(7))
[0190 FOR [ = 0 TO 200: NEXT 1: RETURN
11300 REM : LOAD ARRAY
11320 POKE 9B,%0: POKE 99,I1(B): CALL 38152
F1330 PRINT CHRS (42;"BLOAD"IDS(C)¢",A"; PEEX (383%4) ¢ PEEX (38395) 8 254
[1340  RETURN
[1400 REN : SAVE ARRAY
[1420 POKE 98,90: POKE 99,11¢B): CALL 38104
11430 PRINT CHR$ (4);°BSAVE"ZDS(0)",A" PEEK (3BI94) + PEEK (38395} $ 254°,L° PEEX (38396) + PEEX (3
8397) # 258°
11440 RETURN
115060 REN ASK SLOT,DRIVE AND YOLUME
11510 VTAR 62 CALL - 95B: PRINT "POINTERS CURRENTLY SET AT :®: VTR B: PRINT *  SLOT #°;5%: PRINT °
DRIVE #';D0%: PRINT * VOLUME #°;¥X
11320 VTAB 12: PRINT "CHAMGE POINTERS (Y/M) 7 ";: BET ID$(0): IF ID$(0) = °N° THEN 1330
11530 PRENT @ PRINT 11030 = SL:Z1(4Y = 4:11(5) = baII(4) = 01 PRINT °  SLOT ®;: 60SUS 10120: IF IEX
{0) = T THEN 1530
11932 8% = INT (II(3}) + 0.9)
11935 PRINT :I1(3) = DX:1244) = 1:10(5) = 2:11(h) = O: PRINT *  DRIVE ®;: BOSUB [0120: IF IEX{0) = [ THEN
11333
11937 DY = INT (ZT43) ¢ ©,50c [F SY ( > & THEN VX = ¢: BOTO 11930s REm FLOPPY
P1540 PRINT 114 = VIs1144y = 1:I0(9) = 67211460 = O: PRINT ® VOLUME °;: BOSUB [0120: [F ZEX(O) = 1
THEN 11540
FIS42 WL = INT (I2M3} + 0.9}
11550 PRINT : PRIMT *PRESS ANY KEY TO CATALOG ": GET ID®(0): PRINT : PRINT CHRY (4);°CATALOG,S5°SY".D*
eVt
F1560 PRINT ; PRINT "ANOTHER CATALO6 Y/N 7 *;: BOSUR 10000: IF IEL(C) = | THEN 113560
11570 F I7¢3) = 2 THEN 11500
11580 RETURN
15000 TEXT : POKE 34,0: WOME ; VTAB 5: PRINT °SET-UP QPTIONS ARE:"
15020 PRINT : PRINT * 1., RETURN T MAIN MENU"
15040 PRINT ; PRINT * 2...CREATE/MODIFY SET-uP FILE*
15060 FRIKT ; PRINT ° 3...RETRIEVE SE{-UP FILE FxOm 2ISK*
15080 PRINT : FRINT * 4...SAVE SET-UP FILE TO DISX®
5
&
7

15100 PRINT : PRINT * 5., ELECUTE SET-UP FILE®
15120 PRINT 3 FRINT * 6., RESET (INITIALIZE) SOUARTRON®
15:40 PRINT < PRINT * 7. RESET C(INITIALIZE) KEITHLEY®
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15200 Z1(3) = I3 VTAB (23):21(4) = [:11(S5} = 7: B0SUB 10100: IF ZEX(0) = I THEN 15000

15220 ON 11(3) SO0 1000, 15300,14400, 16640, 14700,2000, 1900

15300 HOME : VTAB 5: PRINT °SET-UP WHICH SURSYSTEM:®

15320 PRINT 3 PRINT * f,,.BENERATOR"

15340 PRINT = PRINT * 2., ANALYSER®

1546 PRINT 5 PRINT *  J...SNEEP(S)®

15386 PRINT : PRINT * 4., IWPEOANCE STANOARD"

15400 PRINT : PRINT * 5,..NEASUREMENT CONFIGURATION®

15460 PRINT ; PRINT * 6...RETURN TQ SET-UP OPT1ONS"

15480 11(3) = 0: VIAB (21):I11{4) = 0:11(5} = 5: BOSUB 10100: IF ZEX(0) = | THEN 13300

15500 ON 21(3) 01D 15600,15B00, 14000, 14300, 16500

15520 BOTO 15000

15600 HONE : VTAB J: PRINT "BENERATOR®

15610 VTAB &: PRINT "FREQUENCY °;:1I(3) = IN{1):I1(4)
ZEY(0) = | THEN 15410

15620 IM(1) = TI(3)

15630 VTAB 9: PRINT "AMPLITUOE °;:12(3) = IM(D):I1(4)
{0) =1 THEM 158630

15640 IN(2) = J1(T)

15650 VTAB 12: PRINT °0.C. BIAS ";:II(3} = IM(3):11(4) = - 10.23:1145) = 10.23:17(8) = 03 BOSUB [0100
¢ IF ZEX(0) = | THEN 15450

15640 IM(3) = 72(H)

15664 IF IN(2} ¢ ABS (IM(3)} > I4 THEN VTAB B: PRINT "COMBINEQ VOLTAGE TOO LARBE": 60TD 15630

15670 VTAB [5: PRINT *NAVEFORM (SIN=0,SQR=1) *::I11(3) = IN(4):11(4} = Os11(S) = [¥11(4) = [: SOSUB 501
00: IF IEX(0) = 1 THEN 15470

15680 IN(S) = 1T(D)

15699 VIAB 1B: PRINT “AWPLITUDE COWP. (OFF=0,0N=1) “;:I11(3)
10100: [F 2EX(0} = 1 THEM 15690

15700 IN(I8) = I243)

15710 1F IM(14) = 0 THEN 15300

15720 HOAE : VIAB 5: PRINT “AMPLITUDE ONPRESSIOM On*

15730 VYTAB B: PRINT "SOURCE CHANMEL ®::11(3) = INil1):11(4)
EX(0) = | THEN 15730

15740 IM(11) = INT (100 & 12(3} + 0.9)

1E - 5:71(5) = 655%5:77(4) = 0: BOSUB i0100: IF

0:17(5) = 10.23:72(4) = 0: BOSUB 10100; 1F ZEX

INCE4):TT(8) = 0:12(5) = 1:27(6) = I+ BOSUB

1:12(5) = 2:11¢h} = 12 BOSUB ;2100 IF 1

15750 VIAB 12: PRINT °VOLTABE LEVEL ";:1Z(3) = IMUI2):I1(8) = §E - 4:11(5) = 300:22i&) = 0: BOSUB 1010
¢ IF TEX(0) = 1 THEN 15750

15740 IH(l?l 1

Y3770 VTAB lé; PRINT "ERROR PERCEMT *;:1Z(3) = INCITI:IR(4) = L:72(5) = 50:12(&) = 0: BOSUB 10§00: [F

IEX (0} = | THEN 15770

15780 IN(IY) = 11t

15190 BOT0 15300

15800 HOME & viAk T: FRINT “ANALYSEF®

19830 VTAR &: PRINT *INTESRATION TINME (SECONOS) °;sI1(3) = IN(2V):Q2(4) = ,01:12{5) = IEs.12(8) = O; GOSUB
10100: 1F 2EX(0) = | THEW 13B10

15820 Ime210 = 10t

15830 VT4B 9: PRINT “MEASUREMEMT DELAY *: BOSUB 15995:11(3) = INCID):IT(4) = 0:21(5h = 1ES:21Li8) = 0: BOSUB
10100: IF ZEX(0) = 1 THEM 13B30

15840 ImC11) = 1D

15850 VTAB 14: PRINT “INITIAL MARMONIC ®;:I7(3} = IN(Z2S):12¢4} = (3I205) = 1e:2Tb} = 13 BOQSUB 10100: IF
IEX(CY = 1 THEN 13850

15800 [KiJS) = 11tTr
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I5B70 VTAB IB: PRINT “AUTD INTEGRATE OFF=0": PRINT *CH1(L)=1,CH2(L}=2,CHZ(S)=3,CH2(S)=4";11{3) = IN(2
S):1704) = 0sITMS) = 4312i&) = 1: GOSUB 10100: IF 1EX(0) = I THEN 15870

15880 IM(26) = I1(3)

13900 VYTAB &: CALL - 95B: VTAB B: PRINT *INPUT VOLTABE RANGE AUTQ=0": PRINT “30Mv=1,300MY=2,3¥=3,30V
=4, 300v=5 e 1243} = INC2T)sIL(4) = O:I2(5) = S:II(4) = 1+ BOSUB §0100: [F IEX(0) = | THEN 15900

13910 N2 = 11T}

15920 VTAB 13: PRINT “INPUT COUPLINE ®: PRINT “0C=0,AC=1,FREQUENCY TO CHANGE=XXX*:I7(3) = IXTil):1lid)
= 0:I15) = 999: 1146 = 0: BOSUB 10100: IF IEX(0} = 1 THEN 15920

15930 INUAT) = TZ(3):INC29) = IN(49): §F INC49) > 1 THEN IN(29) = 0

15930 VTAB 1B: PRINT *INPUT (FRONT=0,REAR=1,BOTH=Z} *::II(3) = IN(30I:2I1{4) = 0:17(5)
10100 IF IET(0} = 1 THEN 13930

15960 IM(50} = J2(3hs1M1301 = INCSO): IF IMCSD) > | THEN IM(30) = 0

15990 6070 15300

15995 PRINT *(S=SECONDS,C=CYCLES) "5:11 = 24: PRINT "CYCLES ®;: SET ID$(0}: IF ID${0)
22 VTAD 10: PRINT "SECONDS®;:11 = 23

15994 RETURN

16000 HOME : VTAB 3: PRINT “SMEEP(S)...# OF MEASUREMENTS = i INY

16010 VTAB &: CALL - 95B: PRINY "OC VOLTABE SWEEP (Y/N} ? ®;: BOSUB 10000:IM(S7} = 1: IF IEX(0) = 1 THEN
16010

16020 1F 2Z¢3) =1 THEN INC1§B) = IM(3)<IMCLI9) = IM(3}:IN(§20} = 0 6OTOD 16100

16030 VTAB 9: PRINT “INITIAL OC VOLTAGE ®;:1I(3) = IM(3b:12i4) = - 10,23:21(5) = 10,23:11t4) = 0: 6OSUB
10100: IF ZEX(0) = 1 THEN 18030

16040 IN(11B} = 11(31

16050 VTAD 12: PRINT "FINAL DC VOLTAGE ";:II(3} = IN(UI9);IZG0) = - 10,23: 11430 = 10,23:1106) = O: 6OSUR
10100: IF IEX(0) = 1 THEN 14030

16060 IN(119} = I1(3)

16070 VTAB 15: PRINT “BC VOLVAGE STEP "3:I1(3} = IN(1200:11(8&) = - 10,23:11(5) = 10,23:11(8} = O: GOSUB
10100: IF ZEX(O1 = | THEN 16070

16080 IN(120) = I1(3)

16085 IF SGM (IN(119) - IN{11B}) ¢ > GSBN {INC120}1 THEN VTAB B: PRINT “"ARE YODU 601%& TO CIRCLE 1INF
INITY 2% 6070 18030

16083 1F IN(120) = O THEN INC121) = 2:IN(S7} = 1sIMCERT7 = O: GOTO 16100

16090 VTAB iB: PRIN1 °FILL ARRAY BETWEEM DC STEPS (Y/M1";: SOSUB 10000:IN121) = I1(3): IF IM(§211 = 2
THEN 18100

16093 IN(S7) = (AT (1,5 + (IN(119) - INCLEBEY 1 IN41Z20D)

16095 VTAR 20: PRINT "DEIAY BETMEEN DCY (/S *3:IH(T = INONITHeIX() = 0:1105) = 1000:71(8) = O: GOSUR
10100: (F lEX(0) = 1 THEM 14093

16997 NI = 1Y)

16100 VIAR &: CALL - 958: PRINI “FREQUERCY SMEEP (Y/M) 7 *y: BOSUB 1000G:IMtS8) = 1: IF IEX(0) = | THEN
16106

taled fbofDe D s Papn PRz Iaben il o= Ley euSul Cieoogr i lag s (ALEItEL o= I LUSuR ZU00r bYie
1150

16110 VTAB 9: PRINT “FREQUEMCY WIMUMUR *3:77¢3) = IN13St:1204) = LIE - §:7145) = 85535:1114) = O: BOSUB
10104: IF IET10) = 1 THEN 18110

16120 IMI35) = I1ivia (1 = 35: &OSUB 17000

16130 VTAB 12: PRINT "FREGUENCY MATIRUR *;:7143¢ = IMU3N:T204) = IM{TSHLQIMS) = 85533 11(8) = O: BOSUB
10100 IF IEV(0) = | THEW 16130

16040 IMI30) = 163101 = J4: GOSUB 17000

18150 IMIS5: = 13 {F INC3A0 ) 32747 THEN INI251 = ): GOTD 14700: REM NG HARMONIC POSS{ME
1AESS UTAR 4y CAIY - ©SZ. PRINT "MADNDK|C SMEEP (V/N] 7“1 BOSHR 10000: TE TEY1A) = | THEN 14130

PLIR0 IF THOTE = ) THEM IMe122F = INI25)rIMCI2T) = TMO2ST: 60T 14200

2:11(8) = 1: 6OSUB

*5" THEN HTAB

"

A=]




16170 VTAB 9: PRINT “IMIT1AL HARMCMIC & ®;:11(3) = INQI2D):20(4) = 1:11(5) = INT (43333 / IN{34)5:121
&) = 1: GOSUB 10100: IF IEX(0) = | THEM 18170

16180 INCI2D) = 11MD)

16190 VTAB 12: PRINT *FINAL HARMONIC & *;:12(3) = INCI2D:I2{4) = INCIZ22)¢10{5) = INT {63535 / IN(34)
JeI18) = 1: 6OSUB 10100: IF IEX{0) = 1 THEN 14190

16195 IN(123) = IT{3D+IN(SS) = INUIZDD - IMUI22) + )

16200 VIAB &: CALL - 95B: PRIMT "TIMEQ SWEEP (Y/M) 2 °;: 60SUB 10000: IF ZEX{01 = 1 THEN 14200

16210 IF ZI(3} =1 THEW IN{124) = Q:IN(123} = IMNV1200:IM{1268) = IN(123): 6OTO 16290

16220 60SUB 1B00C: VTAB 9: PRIMT ID$(0): REN  CLOCK

156230 VTAB 12: PRINT °START MEASUREMENTS 3 WH.MM °3:II{3) = INU124):114) = 0:11(5) = 24:1114) = 0: G6OSUB
10100: IF IEX{0) = 1 THEN 14230

16240 IN(128) = 11D)

16250 VTAB 13: PRINT °*STOP MEASUREMENTS @ HH.MM *::IT(3) = INCI25:I0(8) = INCI200sI24S) = 99,5921
= 0: GOSUR 10100: [F IEX{0) = 1 THEM 16230

16260 INCI25) = I

16270 YTAB 1B: PRINT “NEASUREMEMT INTERVAL HH.MN *::2I(3) = IN(I26)31244) = Oz 11(S) = 24:11(4) = O: GOSUB
10100: IF IEX{0) = | THEM 14270

15280 INC126) = II(3)

16290 IN(S6) = INT (ZNY / (IM(S3) ¢ IN(SD))): 6070 15300

14300 HOME : VTAB 3: PRINT °SCALE FACTORS:®

16310 VTAB &: PRINT *// RESISTANCE STANOARQ ";:II(3) = IN{SI}:I1(4) = L:12{) = 1E9:11(d) = O: GOSUB
10100: IF ZEX{0) = 1 THEM 14310

15320 IN(51) = 1D

16330 VTAB 10: PRIMT °// CAPACITANCE STAMOARD °;:II(3) = IM(S20:IT(4) = 0:IIt5) = |E3:I1(4) = 0: GOSUB
10100: IF IEXL0) = 1 THEM 14330

16340 IN{S2) = 1143

. 18330 VIAE 14: PRINT "INPEOAMCE SCALE FACTOR °;:IIt3) = IM(S3):IT{&) = 1:1145) = 1ES:I1(4} = : GOSUB
10100: IF IEXtO) = 1 THEN 16350

16368 IM(33) = I2{3)

2ok
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o iy
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P SR
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22 16490 60TO 15300
- 16500 HOME : YTAR 3: PRINT NEASUREMEMT NODE:°
ke 18510 VTAB 5: CALL - 958: PRINT *INPUT(S):  0s2/1°: KTAB 14: PRINT *1=1°: HTAB 14: PRINT *2=2°: HTAB
. i4: PRINT ®3=(2-1)/1°: HTAB i4: PRINT *4=1/{2-1)": HTAB 14: PRINT *S=(42°
16520 VTAR 10212030 = INCI273:2204) = O:71(5 = S:2148) = 1: GOSUB 10100: IF IEX(O) = | THEN 16520
o 16525 INQI2TY = LD
) 18530 VTAB 13: PRINT *OPERATOR:  O=UNITY®: WTAB 14: PRENT *1=JN°: WTAB 14; PRINT *2=1/Ju°: HTAB 14: PRINT
. 302" HTAB 14: PRINT *4=1/)w°2°
b 16500 VTAB 189:11(T) = INCHI): 1L (A} = 0:7114%) = &:12(8) = O: GOSUB 10100: IF IEZ(0) = | THEM 18540
e 16545 IN(118) = 114D
" 16550 VIAR 20: PRINT *COORDINATES 0=A/B": HTAB 18: PRINT *1=R/THETA®: WTAB t4: PRINT *2<L86,R/THETA®
¥ 16560 VTAB Z3:1143) = INCABILIT(M = 0:111%) = 2:1744) = 0: GOSUB 10100: IF IEX(G) = 1 THEN 14540
- TRNAS THIAA he
s 1570 6010 15300 [
~ {6600 WOME : V1AB Y: PRINT *RETREEVE SET-LP FILE®
= 16620 GOSUB 166B0:11¢B) = 77: GOSUB 11300: 60T0 15000
16540 WOME : VIAB 3: PRINT "SAVE SET-UP FILE 10 DISK*
., 16660 GOSUB 146BO:IZ(B! = T7: SOSUE 11400: 60O 15000
, 16689 1 = FRE (0): BOSUB 11506: PRINT = PRINT *FILE WAME MilL BE PRECEDED BY ONSS(P)-*: PRINT : INPUT
- “ENTER FILE NANE = ONSS{P)-*;108(0):IF$ = “ONSSIP)-* + 10810):108(0) = {F$: RETURN
/ 16700 HOME : VIAB J: PRINT *EIECUTE SET-UP FILE®
iejle FOR ii + {10 : BOSUR 17000: WEIT II
)
7]
4 A-3
o
l

*
R R e AN e e D e e T DO




16720 11 = 14: BOSUB 17000: IF INC14) = | THEN FOR I1 = 11 TQ 13: BOSUB 17000: NEXT 11

16730 11 = 720: BISUB 15900

16740 11 = 21; BOSUB 17000:11 = 24: IF IN(23) > O THEN II = 23

16750 60SUB 17000: 11 = 25: BOSUB 17000:11 = 2b: BOSUB 17000

16760 FOR I1 = 27 TO 306: FOR JIN = I TO 2: GOSUB 17100: NEAT JIN: NEIT 11

14770 11 = J4: BOSUE 17000:11 = 35: 6OSUB 17000:11 = 44¢ BOSUB 17000

16780 IN{45) = 0201 1F IN{127) > 0 THEN IM(43) = 0100: IF IN(I27) > 1 THEN IN(45) = 0200: IF IN(127) >
2 THEN IN{45) = ol00

16790 11 = 45: GOSUB 17060:11 = 6B: BOSUB 14900

16B00 JIN = 0:11 = BS:IN(BS) = 1: BOSUB 17200: REN OISPLAY

14B02 JIN = 1:IN{BS) = 0% BOSUB 17200

16B04 JIN = 2:IN(B3) = 1: BOSUB 17200

14BG4 JIN = J:IN(BS) = 1: BOSUB 17200

16B10 JIN = 1211 = Bo:IN(B&) = 0: BOSUB 17200: REN DISPLAY

14B11 JIN = 2:IN(Ba) = Q: BOSUB 17200

18B12 JIN = J:IN{Bb) = IN{11h): BOSUB 17200

16B13 JIN = 4:IN(B&) = 0: BOSUB 17200

16B14 JIN = 5:IN(B&) = O: BOSUB 17200

16814 1T = 10B: BOSUB 17000:11 = 109: BOSUB 17000

16820 6OTD 1600

16900 RESTORE ¢ FOR 1

17000 RESTORE : FOR 1

' 4 N§ ¢ "' BOSUB 21000: RETURN

TO 11 READ M$: NEXT I:N#$ = *:
N$ = """ ¢ N# ¢+ STR$ (IN(ID)) + *’°: BOSUB 21000; RETURN

1
I TO I1: READ Ne: NEXT I:

17100 FOR JIN = 1 TO 2: RESTORE = FOR I =1 TO I1: READ M#: NEXT IaN$ = *:7° 4 N§ + STRS (JIN) ¢ " +
§TRe (IMCID)) ¢ °'°: BOSUB 21000: NEXT JIN: RETURN

17200 RESTORE : FOR 1 = 1 TO II: READ N#s NEXT I:N$ = "2 + Ne ¢ STR$ (JIN) ¢ *,* + STR$ (IN(II)) +
“'*; BOSUB 21000: RETURN

B0 REN CLOCK

1B010 I1(3) = PEEK { ~ 143B4} - 12B: REN KEY PUSN

) 19020 IF ZZ(3) = 1 THEN 6OTD 1006t REN ABORT

180B0 IF I7(3) = 19 THEN 1B220: REN  STATUS

18090 IF 21(3} = 20 THEN IN(A7} = 999: REN TERNINATE

1B100 IF I1(3) = 21 THEN IN(47) = 0

1B1%0 RETURN

1B200 REM TIME

18220 I1 = 1:M$ = ":"2THO' 1 BOSUB 24000:21(3) = ZZ(I1}:N$ = *:’2TN1"*: BOSUB 24000:1114) = IZ(11): 1081

0) = °TINE IS * + STR® (I1(3)) + “:":N# = STR$ (22(4)): IF Z244) C 9 THEN N# = *0" + N¢

18240 ID$(0) = Z0%(0) + We: VTAB 1: HTAB 2B: PRINT IDe(0): RETURN : REN READ CLOCK

19900 REW CHAIN SUBROUT INE

19920 HOME : VTAB 9:NPY = 1: PRINT “LOADING ONSS.°ID$(0)

19940 PRINT CHR$ {4);"BLOAD CHAIN,A520,5°5B:",.01,V"VEL

19940 RETURN

20000 11 = 12

20010 T08(4) = "3" + CHR® (95) ¢ CHR® (171 + AA):IDMA5) = *3° ¢ CHR® (95) ¢ "7° + CHR® (111 + 32) +

20020 I08(H) = CHRE {4) » °INSO°:108(7) = CHRS (&) + "PRIO®

20070 ID$(B) = [EHRS (4] ¢ "PROJ":AAS = "3° + CHRE (95} ¢ *(:'°:BBS = *'I'371dH;"

20960 RETURN

21000 REM SEND DATA T FRA

. 21030 FPRINT ID$(B)s PRINT 20843
21040 PRINT N¢
21050 PRINT 1D%1h)
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21470 PRINT 108(7)

21500 RETURN

24000 REM DATA RETRIEVE

24030 PRINT 2D$18): PRINT ID$(5)

24040 PRINT CHR$ (13): PRINT M%: 6DSV'G 20500: PRINT 1D$(7}: PRINT ID$(6): RETURN
28500 PRINT CHR$ C13);2D$(4)3%:": PRINT 1D$(7): VIAB 23
28501 ON 11 - 1 6DTO 28504, 28504, 28508

28502 INPUT 17{1): PRINT ZD$(8): RETURN

28504 INPUT 111(1),21(2): PRINT 1D$(B): RETURN

28506 INPUT 12(1),2112},2213): PRINT 1D$(B): RETURN
20508 INPUT 2201),2202),22(3},22(4): PRINT 1D$(R): RETURN
29000 REM KEITHLEY NODEL 192 SET-UP

29200 1D¢(0) = M$ + "ROKOQOSIMOZONI®

29220 VTAB 23

29240 PRINT 1D$(8): PRINT AAS;ZD8(0)30B9: PRINT 1D8(7): INPUT 1D$(0): PRINT ID$(8): VTAB 23: PRINT *#*
29260 12330 = VAL { MIDs (1D8(0),5)): RETURN
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Appendix B

DIFFUSION IN AN ANGULAR CRACK

B-1
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This appendix gives the solution concentration as a function of time
and position In an angular crack. The mathematical representation of the
crack 1s shown 1In Figure B.l. A crack tip rupture and dissolution
provides the concentration C = 1 up to the r = a cell element of the
angular crack. In this case, Tn is the distance from the crack origin to

h

the of? cen segment and A Is the distance between cell segments. Thus,

r = (B-1)

m

We need to solve for Cy(t) where cm(t) = gverage concentration in r . <

r € r, at time t and

m = 1,2,3...

Let ¢ = c(a,r,t) be the solution of the standard diffusion equation

oc 19 dc
A P riay O e (B-2)

a

A

where D = diffualon coefficlent with

MENSRPAS)

at t=20

Assuming only nearest neighbors Interact over shor:t time t givea
e (B) = c,(0) + [ (0) - ¢,(0)] J_(1) (8-3)

and for m = 2,3,4,...; the solution for the concentration aa a function of

time and position along the crack is given by
B-2

S R .ﬁ-_'\‘_m.,,"* ARt et e "“'h“r-"’-,'--'i

N L T e e Y T JEAF I . Rl ) T To) ¥ ot
3 F‘. \;.-.:F-‘ :-.i-.%q“ \i%‘r.&;ﬁ: ‘P;H"- ,‘P‘ .\ﬁ;ﬁfh .‘.}‘-._4: .I:: {-.'J' ._: ¢ n."*.-..-' \ "’.l\.(:"!\')"'.’\)-'.r.'.-\(.°..l\.fl-’.- f-".:" . e
R e O O O O A L R AN * I M e A A AN NN e R



5|
CE ta l:‘
r r - T
1 2 fy fa
j—A—=
c=1 ¢c=0at t=0
a ]
JA-4333-31

FIGURE B.A MATHEMATICAL REPRESENTATION OF DIFFUSION

1N AN ANGULAR CRACK
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egt) = €u g (0) + [e (0) = ¢, (0] I_(@) + [, 1(0) = ¢ (013, (w-1)
(B-4)

where J_{m), a function of t as well aa m, is the average concentration in
cell m just to the left of a unit jump in concentration at r = T and J (m) ia
the average concentration in cell {m+l) juat to the right of the unit jump at

r = rp. That is,

mA
c{wh,r,t)rdr
m-1)4A
J_(m) = éﬁ' ) (B-5)
j- rdr
(m-1)A
mA
j- c(mhA,r,xr) rdr
o (m¥1)A -
I (@) = s (B~6)
j' rdr
nA
Approximate valuea valid for ¢/Dt/A < ¢ 1 are
J (m) =1 - {2‘ A — (B-T)
(2m - 1)y/n
TS
J (m) = D; o (B-8)
(2m + 1)®
”2 The derivation of solution (B-4) ia given aa follows.
LY
3
Kb Let ¢ = Laplace transform of c; therefore,
c = f PRLAIPAPT: (B-9)
o
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Then the transform of the basic problem is

where c, , a function of r, 1s the Initial valuve of «:

- 1 r{s
o0 0 a<r

Solving for r  a ylelds

T = AIo(qr) + BKo(qr) +1/p

where I, and K are the modified Bessel functions; ¢ = /p/D;

constants of integration. Now B = 0 because Ko + @ agr+ 0.
Solving for a < r glves
¢ = HIo(qr) + GKo(qr)

where H and G are constants of Integration and H = 0 because

r+ e,
Both ¢ snd dc/dr are continuuus at r = a. Therefore,

AIo(qn) +1l/p = GKo(qa)

AL (as) = GK_(qa)

Then

B-5
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(B~10)

{B--11)

and A and B are

(B-12)

Io + ® 33

(B-13)

(B-14)
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qak (qa)

A = —------—----—------p (B-IS)
qa I (qa)
G = — (B-16)

by use of Ko(x)Io - Io(x)Ko(x) = 1/x. Therefore,

1 qa K,(qa) Io(qr)

_ r <a
c = P P (B"].T)
qa I,{(qa) K (qa)
a<dr
P
{B-18)
Early time approximation ia as follows:
/Dt 1 1
-+ <<1 EE<<1 50 <<1
Then
: Y LA L -
Ko(qa) Kl(qﬂ) g © (B-19)
%2
I (qa) = I (qa) = —— (B-20)
/2
qa
/
& -
L _ ; -q(a r) r < a
P P (B-21)
c =4
L ja _-q(r-a)
7p Nr € acdr (B~22)
\
B-6
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Inverasion of the transforma gives

l--;-ﬁ erch-_I r {a
5 27Dt {B-23)
C -
;-Jg erfc =l adr
2/0t (B~24)

At TN

With J (m) and J_(m) defined after equation (B-4) and with I (m) and I_(m)

being the integrals of the concentration in those definitions, one finds

e

)
P

!

I (m) 2
J (m) = - I, (m)
+ (1 )A (2m+l)A2 +
od rdr
(m+1)A -
1,(m) = f %—JE erfc S22 r4r (B-25)
nd 3 y. A
. where a = mA, The order of accuracy is 1/Q. Approximations correct to this

order can be found as follows:

J (m) =1- —-—2—-———2 I_(m)
{(2m - 1)A

I (n) = - L ﬁ- erfc =% rdr (B-26)
- f(m—l)A T4 2/Dt

Let Q = 4/2Dt. Then Q > > 1 by assumption. Integrations are needed to

order of accuracy 1/Q.

Function lerfc{x) is defined by

B-7
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© 2

lerfc(x) = ]. erfc(x) dx = —l— e © - xerfe(x) {B=21)
x 3

I(m)-am L /3% erfe ———2 ar a = mA (B-28)

- .£ y var erfe —

Let x = (r - a)/2/Dt. Then r = a (1 + x/mQ) and

a’l + x7mQ erfe(x) ia-dx

2mQ

@
J /1 + x/mQ erfe(x) dx
)

2
- 2 (B, () + K ()]

where

P—

H+ -J YT + x/uQ erfc(x) dx
0
Q

X -[ YT ¥ x/2Q erfe(x) dx
‘o

+

H, can be approximated by

1

H, .L n *’%’E‘%* vee] erfe(x) dx

1

-J arfe(x) dx
0

B-8
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and to lowest (Q°) order

1
H, = =jerfe(x)
. + 0
-l - ierfe(l) (B-30)
'3
For H_ we get
Q
H_ -J /T + x/uQ erfe(x) dx
1
= /T+x/aq (-terfe(=)) JQ - IQ (-ierf(x)) —2-—1 (1 +.’.‘._)'”2dx
1 1 L mQ
Then
H_ = ferfc(l) (3-31)
i
to lowest order. Therefore,
2
1(m) = =4
: 2 %
v,
:
) I (m) 4 L_.-_
: (Zm+l )V
o
‘fg For I_ (m) we get
<
.
X 4 1 ,— -
% I (m) = ar erfc ——— dr
3 - ja—a z /Dt
3
ﬁ
B-9
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where

a = o
Q = A/%Dt
Then, with z = (a - r)/2 ¥Dr, r = a(l -~ x/mQ). Thus,
82 Q
I(m) = gy jo /T = x/mq erfe(x) dx
2
a 1
I _(m) = —
_(m) 380 /=
to lowest order, as before.
J_(m) = =
(2m - 1)Q'®
B-10
T A B e e g e et o

. g”

J‘l

(B-32)

(B=~33)
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Appendix €

DC TRANSMI3SION LINE MODEL

c-1
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520

620

700

1000
1010
1020
1030
1040
1050
1090

1100
1120
1140
1500
1510
1520

1540

1560

1580

1600
1620

1640
1650
1660
1680

2000
2010

2012

2014

Jupne 24, 1986

REM "SCC TLDC 1&/April/1985

REM "Transmission Line Model for Stress Corrosion Cracking

REM "BY M.C.H.McKubre

PRINT CHRS$ (13); CHRS (4);"SAVE SCC TL DC#60"

DIM Zn(9,200),Zm(26)

F = 96478
DATA14,.IDC,AMPS,0, WIDTH,CM, 10, HEIGHT,CM,5,.LENGTH,CM,.1,
.ANGLE,RAD.,.02,.BULK.pH,--,6,.RHO-E,OHM-CM, 20, RR2-5,0HM-CM, IE-5,
.GAMMA,CM, 1E4,#E-/ATOM,2,INTERVAL,SEC.,3600,NUMBER,SEGMENTS, 20,
TOLERANCEMYV, 1, MAX.ITER.,LOOPS,99

DATA 26, JO0M/M"A+,ACM-2,1E-3,V.M/M*A+,VOLT,0,J0.MMO,A
.CM-2,1E-5,V.M/MO,VOLT,.1,I0.H/H2,A.CM-2,1E-5,V. H/HZ,VOLT. .2,

K, 1E-6, MONOLAYER ,COUL/CM2,1E-4 N*F*MW*RHO,COUL/CM 3,8 4E1,D,
CM2.5-1,2E-5,PASSIVE 1,A.CM-2,1E-6,2,7,0

RESTORE : READ II: FOR 1= 1 TO 1l: READ ZQ$,ZT$,Zm(l). NEXT I:

READ IJ: FOR 1 = 1 + I TO H: READ ZQ$,Z2T$,7m(1): NEXT I:N% = Zm(12)

TEXT : HOME : VTAB 3; PRINT "PROGRAM OPTIONS ARE:: PRINT

PRINT : PRINT "1....SET UP NEW CONSTANTS"

PRINT : PRINT "2...CALCULATE STEADY STATE"

PRINT : PRINT "3....INITIALGUESS OF V"

PRINT : PRINT "4...5AVE ARRAY TO DISK"

PRINT : PRINT "5....SEND ARAY TO PIPELINE"

PRINT : PRINT : PRINT "WELL ? ";: GET ZQs$: IF ZQ$ = "0" THEN HOME :
VTAE 15: PRINT "PROGRAM EXITED - GOTO 1000 TO RESUME"; END

IF VAL {ZxQ3) > S THEN 1000

ON VAL (ZQs$) GOTO 1500,2000,3000,4000,5000

GOTO 1000

GOSUB 1510: GOTO 1000

HOME : VTAB 2: PRINT "SET-UP CONSTANTS - PAGE#1"

RESTORE : READII: FOR | = 1 TO 1l: READ 2Q$,2T$,J: VTAB (3 + 1): HTAB 4:
PRINT I;" ":ZQ$;: HTAB 20: PRINT Zm(l);: HTAB . *: PRINT ZT$: NEXT |
VTAB 23: INPUT "HIT # TO MODIFY ";2Q%:

IF VAL (ZQ$) < 1 OR VAL (ZQ8%) > Il THEN 1500

Il = VAL (ZQ$): FLASH : VTAB (Il + 3): HTAB (1): PRINT "=>": VTAB 22: RESTORE :
READ N: FOR 1 = 1 TO ll: READ ZQ$,ZT$,N: NEXT 1: NORMAL : PRINT
"CHANGE ",ZQ$;: INPUT " TO ":2Q$: IF ZQ$ < > " THEN Zm(Il) = VAL (ZQ$)
VTAB 22: HTAB 32: PRINT ZT$: GOTO 1500

HOME : VTAB 2: PRINT “SET-UP CONSTANTS -- PAGE#2"

RESTORE : READ Il: FOR 1 = 1 TO 1I: READ ZQ$,Z2T$,J: NEXT I READ 1I;
FOR 1=11+ 1 TOU: READ ZQ$,ZT$,N: VTAB (3 + 1-11): HTAB 4; PRINT I"
“ZQ$;: HTAB 20: PRINT Zm(1);: HTAB 32: PRINT ZT$: NEXT |

VTAB 23: INPUT "IIIT # TO MODIFY ".2Q$: IF VAL (ZQ$) = 0 THEN RETURN
IF VAL (ZQ3) < 1OR VAL (Z(Q$) > I THEN 1510

U= VAL {(ZQ3): VTAB 22: RESTORE : READ N: FOK 1 = 1 TO 1l: READ ZQ$,ZTS$,N: NEXT I:
READN: FOR 1= II + 1 TO lJ: READ ZQ$,ZT$,N: NEXT I: NORMAL : PRINT "CHANGE
"ZQS:;: INPUT " TO ".ZCS: IF ZQS$ < > ™" THEN Zm(U) = VAL (ZQ8$)

VTAB 22: HTAB 32: PRINT ZT$: GOTO 1600

HOME : VTAB 2: PRINT "CALCULATING STEADY STATE CONDITIONS"

PRINT CHRS (13); CHRS (4);"PR#1": PRINT CHRS (15):

PRINT CHRS (9);"132N": PRINT CHRS (12)

RESTORE : READ IIl: FOR | = 1 TO 1I: READ ZQ$,2T$.J: PRINT II") ";ZQ$:" = "Zm(l);" " ZT$:

NEXT I: READ U: FOR 1= I + 1 TO Uf: READ ZQ$,ZT$,): PRINT I;°) ",ZQ$;" = ", Zm(l);" "ZT$:

NEXT L: PRINT : PRINT "VERSION: =;: LIST 10
ZQ8 =" /" PRINT "LOOP";ZQ$:"NQ™.2QS$,"G".ZQ8;"SI".2Q8;"I";2Q8 " V" ZQ8 ==
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2020  :SI=Zm(l)
2040 N% = Zm(12): REM "# OF SEGMENTS
2044 C =774: REM "FI.5RT
2046 T =0: REM "TIME=0
2100 Zn(0,0) = 0:Zn(7,0) = 10 *(- Zm(6)):Zn(8,0) = Zn{7,0) *Zm(10) / Zm(21): FOR N = TON%:
F FORM =0 TO 6:Zn(M,N) = 0: NEXT M:Zn(7,N) = Zn(7,0):Zn(8,N) = Zn(8,0):Zn(9 N) = I:
NEXT N: REM "INITIALISE ARRAY
2120 IF Zn(1,0) = 0 THEN Zn(1,0) = Zm(16) + Zm(20)) / 2: REM "INITIAL GUESS
2200 LL =0:G=32NQ =0: REM "LOOP COUNTER & INITIAL VSTEP (MV)
2220 Sl=Zm(1); [ =0:LL=LL + . FORN= [ TON%
2240  GOSUB 10000:TI = Zn(4.N) + Zn(5,N) + Zn(6,N).
REM "CALCULATE INTERFACIALCURRENTS
2250 Zn(2N) « Zm(8) * (Zm(4) / N%)}/ (Zm(2) * Zm(3)): REM "RS
2260 Zn(3N) =Zn(7)/ (2 * Zm(2) * (N% + 1 - N} * TAN (Zm(5))): REM "RE
2270 Zn(ON) =Zn(ON - 1) + Zn(2,N) * (SI - TI): REM "VS
2280 Zn(1,N) =Zn(1,N - 1) - Zn(3,N) * (SI - TI): REM "VE
2290 I=1+ T REM "MOVING SUM |
2299 NEXTN
2300 IF ABS (G) < Zm(13) THEN 2500: REM "SUCCESSFUL ITERATION
2301 ZQ$ =" ":PRINT LL:ZQ$;:NQ;Z(Q$:G.ZQ$;S1.ZQ$;1.ZQ8$:Zn(1,0)
2305 GOSUB 9000: REM "READ KEYBOARD
23i0 IF I < SI THEN 2400
2320 REM "VOLTACE TOO LARGE
2330 IFNQ=1THENG =G/ ?2
2340 NQ = - 1: REM "LAST LOOP FLAG
2350  Zn(1,0) « Zn(1,0) - G / 1000: GOTO 2220
2400 REM "VOLTAGE TOO SMALL
@ 2410 IFNQ=-1THENG=G /2
2420 NQ = 1:Zn(1,0) = Zn(1,0) + G/ 1000: GOTO 2220
2500 REM "SUCCESSFUL ITERATION TQ FIND DC CONDITION @ TIME T
2520 PRINT : PRINT " V =« "Zn(1,0);" VOLTS, VILSUM =";Zm(1);"/";I" AMPS";", ERROR =
".G"MY¥, TIME « ";.LT," HOURS, LENGTH = ":Zm(4);" CM": PRINT " CRACY GROWTH =
DL/ Zm(11);" CM/S, TIPPH = "; - LOG (Zn(7N%))/ LOG (10): PRINT
2540 LT «LT + Zm{11)/ 3600: REM "TIME
2549  PRINT "BEFORE DELTA-C"ZQ$ =" " FORN «(0TON% STEPN%/ 5:
FOR M =0 TO 6:PRINT Zn(M,N);ZQ$:: NEXT M: PRINT N: NEXT N: PRINT : PRINT
2560 FOR N =1 T0O N%: GOSUB 11000; NEXT N: REM "NOW SOLVE
FOR DELTA-CONCENTRATIONS
2580 Zm(4) =Zm{4) + DL: FOR N = 1 TON%: FOR M = 7 TO 8:Zn{M,N) « Zn{M,N) * ((Zm(4) - DL)
! Zm{4}) ~2: NEXT M:Zn(9,N) = Zn(9,N) * (Zm(4) - DL} / Zm(4): NEXT N: REM "C
SPREAD-QUT WITH CRACK GROWTH
2599 PRINT "BEFORE DIFFUSICGN™ZQ$ «™ ": FORN «0 TON% STEP N% /
S:PRINTZ5(0.N),ZQS:Zn(1,N)ZQ$;: FOR M - 4 TO9: PRINT Zn(M,N);ZQ$;: NEXT M: PRINT
N: NEXT N:PRINT : PRINT
2600 REM "CALCULATE DIFFUSION
2620 ZZ{0) = (N% / Zm({4)) * (Zm(24) * Zm(11) * 3.14) ».5: REM CHI
2640 FOR N =N% TO 1 STEP - 1: GOSUB 12000 NEXTN
2699 PRINT "AFTER DIFFUSION™ZQ$ =" ": FORN =0 TON%: FOR M = 1 TO 3 STEP 2: PRINT
Zn(M,N);Z2Q8;: NEXT M: FOR M = 4 TO 9: PRINT Zn(M,N);ZQ$;: NEXT M: PRINT N: NEXT
N: PRINT : PRINT
2920 LL «0:G =« 4:NQ =0: GOTO 22

3000 HOME : VTAB 4: PRINT "INITIAL GUESS OF VDC = ";Zn(1,0): PRINT : INPUT "CHANGE
TO":ZQ$: IF ZQ$ = “0" THEN 1000

3020 IF VAL (ZQ$)< >0 AND ABS ( VAL (ZQ$)) < 2 THEN Zn(1,0) = VAL (ZQ8$)

340  GOTO 1000
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5000
5010
5020
5040
5080

9010

10000
10106
10110
10120

10140

10200
10300
10320

10340
10400
10410
10420

10440
10500
10510
10520

10540
10560
10580

10590
10600
10800
10805

10810
10820
10830
10839
10840

REM "OUTPUT DATA TO PIPELINE

GOSUB 5020; GOTO 1000

PRINT CHRS$ (13); CHRS (4);"PR#1"; PRINT CHRS$ (9);"132N"; PRINT CHRS$ (15)

FOR N = 0 TO N%: FOR M = 0 TO 6: PRINT Zn(M,N);" "; NEXT M: PRINT N: NEXT N
PRINT CHR$ (13); CHR$ (4);"PR#0": RETURN

REM "READ KEYBOARD
ZZ(3) = PEEK ( - 16384) - 128: POKE - 16386,0: IF Z2(3) < 1 THEN RETURN
PRINT CHRS (13); CHRS (4);"PR#0"
IF Z2(3) = 16 THEN PRINT "": GOSUB 1510: REM "CHANGE PARAMETERS
IF Z2(3) = 20 THEN POP : GOTO 1000
PRINT CHRS (13); CHRS (4);"PR#1": [F ZZ(3) = 16 THEN GOSUB 9100
RETURN
REM "PRINT PARAMETERS
RESTORE : READ II: FOR 1 = 1 TO 1I: READ ZQ$,ZT$,J: PRINT ;") ":ZQ$;" = " Zm(l);" ".ZT$:
NEXT 1: READ U: FOR 1=l + 1 TO I: READ ZQ$,ZT$,J: PRINT I;") ";2Q8:" = “:Zm(I);" ":ZT$:
NEXT 1: PRINT : RETURN
PRINT CHRS$ (13); CHR$ (4);"SAVE SCC TL DC#6A™: END

REM "INTERFACIAL ELECTRICS
REM "METAL DISSOLUTION @ CRACK TIP DUE TO STRESS
Zn(d,N) = 0: IE N < N% THEN 10200
ZZ(0) = Zm(15) * Zm(9) * Zm(2) * TAN Zm($)):ZZ(1) = Zm(10):2Z(2) = Zm(16):ZZ(3) =
Zn(8,N): GOSUB 10800: REM "B-V 0=10,1=N,2=V0,3=C

Zn(4,N) = ZZ(5):DL = Zn{4,N) * Zm(11) / (Zm(23) * Zm(9) * Zm(5) * Zm(2)): IF DL < 0 THEN
DL - 0: REM "DELTA-L
REM "CHEMICAL PASSIVATION
REM "HYDROGEN ION REDUCTION
ZZ(0) = Zm(19) * 2 * Zm(2) * (Zm(d) / N%):ZZ(1) = 1:ZZ(2) = Zm(20):ZZ(3) = Zn(7,N): GOSUB
10800: REM "B-V 0=10,1=N,2=V0,3=C
Zn(5,N) = ZL5)

REM "METAL OXIDE REDUCTION
Z2(0) = Zn(9,N): IF ZZ(0) > 1 THEN ZZ(0) = |
Z20) = ZZ(0)* Zm(17) * 2 * Zm(2) * (Zm{d) / N%).ZZ(1) = Zm(10):ZZ(2) = Zm{18).ZZ(3) =
Zn(1.N): GOSUB 10800: REM "B-V (=10,1=N,2-V0,3=C
Zn(6,N) = ZZ(5)
REM "METAL DISSOLUTION ON CRACK WALLS

Z2(9) = () - Z09N)): IF Z2(9) < O THEN ZZ(9) = 0: REM *ACTIVE/PASSIVE
Z2(0) = Zm(15) * 2 * Zm(2) * (Zm(4) / N%):ZZ(1) = Zm(10):ZZ(2) = Zm(16):ZZ(3) = Zn(8,

N): GOSUB 10800: REM "B-V 0=10,1aN,2=V0,3=C
Z2(0) = (I - Zn(9,N)): IF ZZ(0) < O THEN ZZ(0) = 0: REM THETA

IF Z2(0) > G THEN ZZ(6) = ZZ(5) * ZZ(0): GOTO 10590: REM "ACTIVE KINETICS
Z2(6, = SGN (ZZ(5)) * ABS (Zm(25) * 2 * Zm(2) * (Zm(4) / N%) * (1 - Zn(8,N)} / Zn(9,N)X. IF
ABS (ZZ(5)) < ABS (ZZ(6)) THEN ZZ(6) = ZZ(5): REM "PASSIVE DIFFUSION
Zn(d,N) = Zn(d,N) + ZZ(6)
RETURN
REM "COMPUTE BUTLER-VOLMER I
ZZ() =Za(LN - 1) - Zn(ON - 1) - ZZ(2) + 2/ @m(10) * C)) * LOG (ZZ(3)): REM "ZETA
INCLUDING CONC.
Z2(4) = ZZ(1) * C * (ZZQ2)): IF ABS (ZZ(4)) > 30 THEN ZZ(4) = SGN (ZZ(4)) * 30
Z2(5) = Z40) * ( EXP (ZZ(4)) - EXP ( - ZZ(4)))
Z2(6) = Zm(2) * Zm(5) * (Zm(d)/ N%) *2* (2* N% -2 * N + 1): REM "VOLUME

IF N = N% AND ZZ(5) > 0 THEN 10849: REM "NO LIMIT TO M->MO @ TIP

IF ABS (ZZ(5)) > ABS (99 *ZZ(1) * F * ZZ(3) * Z(6)/ Zn(11)) THEN ZZ(5) = SGN @ZZ(5)) *
99 * ZZ(1) * 96478 * ZZ(3) * ZZ(6)/ Zm(11): REM "MAX DELTA-C
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10849 REM "ZQ$ =" ": FOR NN = 0 TO 6: PRINT ZZ(NN);ZQ$;: NEXT NN: PRINT N
10850 RETURN

11000 REM "INTERFACIAL CHEMISTRY
11020 ZZ(0) =Zm(2) * Zm(5) * @m(4)/ N%) *2* 2*N% -2 *N + 1): REM "V
11040  ZZ(1) = Zn(4.N) * Zm(11) / (Zm(10) * F * ZZ(Q)): IF ZZ(1) > Zn(8,N) / 2 THEN ZZ(1) =
Zn(8.N)/ 2: REM "DELTA METAL IONS
11060  ZZ(2) = (Zn(3,N) + Zn(6,N)) * Zm(11) / (F * ZZ(0)). IF ZZ(2) > Zn(7,N) / 2 THEN ZZ(2) =
Zn(7,N)/ 2:REM "DELTA PROTONS
. 11080  ZZ(3) = Zn(6,N) * Zm(11) / @m(10) * Zm(22) * Zm(2) * @m(4) / N%)): IF ZZ(3) > Zn(S.N) / 2
THEN ZZ(3) = Zn(8,N) / 2: REM "DELTA METAL OXIDE
11100  Zn(7,N) =Zn(7,N}) - ZZ(2).Zn(8,N) = Zn(8,N) - ZZ(1):Zn(9,N) = Zn(9,N} - ZZ(3): REM:
"ELECTROCHEMISTRY
11120 ZZ(9) = (Zn8.N) - ZZ8)) * F * Zm(10) / (Zm(23) * Zm(2) * Zm(4) / N%) * 2). IF ZZ(9)
>Zn(9,N) / 2 THEN ZZ(9) = Za(9,N) / 2: REM "DELTA OXIDE
11140 ZZ(S) = Zn(S,N): IF ZZ(5) > 1 THEN ZZ(5) = 1: REM "MO ACTIVITY
11160  Zn(7,N) = (Zn(8,N) * Zm(21) / ZZ(5)) (i / Zm(10))-Zn(8,N) = ZZ(5) * (Zn(7,N) "Zm(10})) /
Zm(21):Zn(9,N) = Zn@,N) - ZZ(9): REM "CHEMISTRY
11600 RETURN

12000 REM
12020 ZZ(3) =2 * N% - N}ZZ(1) = (ZZ(3) + 3)/ (ZZ(3) + 1): REM "V N-I/N
12040 ZZ(2) = @Z(3) - 1)/ @Z(3) + 1): IF ZZ(2) < 0 THEN ZZ(2) = 0: REM "V N+1/N
12080 IF ZZ(0) > .5 THEN 12200
12100 REM "SHORT TIME
12120 FOR M =7 TO 8:Zn(M,N) = Zn(M,N) * (1 - ZZ(0)) + ZZ(1) * ZZ(0) * (3 * Zn(M,N) + Zn(M,N -
1)/ 4 +ZZ(2) *ZZ(0) * (3 * Zn(M\N) + Zn(M\N + 1))/ 8: NEXT M
12160 RETURN
e 12200 REM "LONG TIME
12220 FOR M =7 TO 8:ZniM,N) = ZZ(1) * (3 * Zn(M,N) + Zn(M,N - 1))/ 8 + ZZ(2) * (3 * Zn(M,N)
+Zn(M,N + 1))/ 8: NEXT M
- 12260 RETURN

-
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